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DEFINITIONS
(DA publishes the foliowing documents to report the results of its work.

Reports

Reports are the most authoritative and mast carefully considered products IDA publishes.
They normaily embody resuits of major projects which (a) have a direct bearing on
decisions affecting major programs, (b) address issues of significant concem to the
Executive Branch, the Congress and/or the public, or (c) address issues that have
significant economic implications. IDA Reports are reviewed by outside panels of experts
to ensure their high guality and relevance to the problems studied, and they are released
by the President of 1DA.

Group Reports

Group Reports record the findings and results of IDA established working groups and
panels composed of senior individuals addressing major issues which otherwise would be
the subject of an 1IDA Report. IDA Group Reports are reviewed by the senior individuals
responsible for the project and others as selected by IDA to ansure their high quality and
ralavance to the problems siudied, and are relsased by the President of iDA.

Papers

Papers, aiso authoritative and carefully considered products of IDA, address studies that
are narrower in scope than thoss covered in Reports. iDA Papers are reviewed to ensure
that they meet the high standards expected of refereed papers in professional journais or
formal Agency reporis.

Documents

IDA Documents are used for the convenience of the sponsors or the analysts (a) to record
substantive work done in quick reaction studies, (b) to record the proceedings of
conferences and meetings, (c) to make available preliminary and tentative results of
analyses, (d) to record data developed in the course of an investigation, or (e) to forward
intormation that is essentially unanalyzed and unevaiuated. The review of IDA Documents
is suited to their content and intended use.

The work reported in this document was conducted under contract MDA 903 89 C 0003 for
the Department of Defense. The publication of this DA document does not indicate
endorsement by the Department of Defense, nor should the contents be construed as
refiecting the officiat position of that Agency.
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PREFACE

Lt.Col. Michael Obal of the Strategic Defense Initiative Organization, Materials and
Structures Office, manages a wide variety of advanced technology programs addressing
needs for various systems. Programs in the area of adaptive structures, particularly for
space systems, have recently been initiated. Vibration suppression, one of the important
program areas, is a key feature in improving the target tracking and hit-to-kill performance
of the various systems. Results from some of the materials and structures vibration
suppression projects led to a desire to bring together the device end users, the materials
researchers, and the materials/device manufacturers for discussion. The agenda was put
together by Lt.Col. Michael Obal, Dr. Fred Kahn (NRL), and Dr. Janet M. Sater (IDA) to
address the identified issues.

The workshop was hosted by IDA on February 25, 1992. IDA was requested
under SDIO Task T-R2-597.09 to participate in the workshop and to prepare a proceedings
to document the content of the workshop. This effort was subsequently carried out by
Dr. Janet Sater with input from Lt.Col. Michael Obal and Dr. Fred Kahn.
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1. INTRODUCTION

Lt.Col. Michael Obal of the Strategic Defense Initiative Organization, Materials and
Structures Office, manages a wide variety of advanced technology programs. Programs in
the area of adaptive structures, particularly for space systems, have recently been initiated
(Appendix A, pp. A-1 to A-10). These programs are beginning to address solutions for
potential difficulties resulting from the following: absence of scheduled maintenance;
limited or no ability to assess performance capability after time in orbit; and limited ability
to adjust performance capability. Potential benefits of the adaptive structures technology
include on-orbit system health monitoring and reporting, threat attack warning and
assessment, and improved target tracking and hit-to-kill performance.

Vibration suppression is a key feature in improving the target tracking and hit-to-kill
performance of the SDIO space systems (Appendix A, pp. A-3 to A-4). One of the early
materials and structures (M&S) efforts in the area of vibration suppression was the
Advanced Composites with Embedded Sensors and Actuators program (ACESA). In the
course of this program a number of issues associated with the use of piezoelectric ceramic
devices for both sensors and actuators were identified. Results from ACESA coupled with
those from other programs led to a workshop that brought together the device end users,
the materials researchers, and the materials/device manufacturers.

This workshop was held at the Institute for Defense Analyses on February 25,
1992. An agenda and list of attendees can be found in Appendix B. Copies of charts used
by each briefer can be found in Appendixes C through F. The format of this document
follows the organization of the agenda.

Lt.Col. Michael Obal, Program Manager, opened the meeting by describing the
overall M&S Adaptive Structures program. This also provided an introduction to the

1-1




workshop.

The focus of the workshop, piezoelectric ceramic! materials for space-based

actuators, was emphasized (Appendix C). Issues associated with these materials and
devices that have been identified by the spacecraft/end user community werc briefly
discussed. These include, among others, the following:

1.

Inherent piezoceramic material performance limitations such as fatigue life at
high strains;

Noted spreads/distributions in properties of vendor-supplied materials such as
capacitance and piezoelectric activity composition as well as geometric
tolerances; and

Device fabrication-related difficulties such as material handling, electrical
connections, and electrical insulation.

Objectives of the workshop we-e clearly defined:

1.

3.

Dr.

To enhance communication between space-based actuator users and the
materials research and the materials/device manufacturing communities;

To focus and prioritize issues for near-term improvements in actuator
performance; and

To identify and suggest research plans to obtain such improvements.

Fred Kahn reiterated these objectives, stating that information exchange

(particularly of unmet needs) among the participants was critical. More productive
collaboration could be expected as a result.

The remainder of the report is divided into four chapters. The first three chapters

correspond to the three groups represented at the workshop. Tve fourth chapter includes

the final discussion and summary.

1 Hereafter, "piezoelectric ceramic” is shortened to "piezoceramic.”
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2. SPACECRAFT DESIGNERS AND USERS OF
PIEZOCERAMIC ACTUATORS

The spacecraft designer community was asked to cover five major topical areas, as
follows:

1. The nature and c'=sign parameters of present actuator applications;
2. Identification of actuator issues experienced in past applications;

3. Spacecraft qualification requirements that the actuator would have to meet in
order to be used in real systems, including ambient and life requirements;

4. Current and predicted actuator performance and reliability requirements, based
on structural design or on the number of cycles required at design or maximum
actuator strain levels; and

5. Quantification of the "value added" to various space surveillance and
interceptor systems via implementation of advanced actuator materials and
configurations.

Briefing charts used by each of the speakers in this session can be found in Appendix D.

A. DR. ALLEN BRONOWICKI (TRW)

TRW .as been a significant participant in several SDIO programs! involving
the embedding of piezoelectric actuators in composites: Advanced Composites with
Embedded Sensors and Actuators (ACESA), Advanced Control Technology Experiment
(ACTEX), and Advanced Materials Application to Space Structures (AMASS). The
ACESA struts, 16 feet long, contain 24 sensors and 12 actuators each. The ACTEX
tripod struts are shorter and coutain 8 sensors and 4 ac:uators each. For ACTEX, an
adaptive structures flight experiment, it is believed that the space environment may affect
long-term performance of these devices. The environments of concem include the
temperature range from —250 °F to +250 °F and the associated thermal cycling, as well as
radiation.

1 Refer to Appendix A, pages A-3 10 A4, fora description of these programs.
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Dr. Bronowicki summarized the results of validation tests of Navy Type I and Type
II lead-zirconate-titanate (PZT) actuators for ACESA and AMASS (Appendix D, p. D-3).
Type 1 (PZT-4) actuators have a low intrinsic hysteresis and good stiffness match to the
graphite fibers in a composite but Type II (PZT-5A) actuators have a higher free strain.
Hysteresis in the Type II was reduced dramatically after it had been embedded in graphite/
epoxy (Gr/Ep). The tensile strain-to-failure? of the Type I in Gr/Ep at room temperature
(RT) was ~600 rnicro-strain (ji-strain). For the Type II in the same material it was 2,000 to
2,500 p-strain. However, in graphite/thermoplastic (Gr/TP) composites, the Type II could
only withstand 500 to 1,000 tensile p-strain. Compressive strain-to-failure was above
8,000 u-strain. Fatigue did not appear to affect stiffness. As long as p-strains during
fatigue cycles were kept below 600 for the Type I in Gr/Ep and 1,500 for the Type II in
Gr/Ep no actuation losses were observed. Thermal cycling, however, resulted in
10 to 30 percent reductions in actuation strain. This is believed to be due to high stresses
resulting from thermal expansion mismatch. When asked if the actuator was debonding or
actually breaking, Dr. Bronowicki replied that cracks were observed in the piezoceramic.
He indicated that the dynamic transfer functions were found to be quite insensitive to
temperature, though the Type II were more sensitive to temperature than the Type L.
Additional results can be found in the paper "Mechanical Validation of Smart Structures,"
pages D-7 to D-10.

Figures of merit were also described (p. D-4): strain coefficient (d31) or
charge/stress coefficient (d3101), lateral stress coefficient3 (YE;1d3)) or charge/strain
coefficient (YE|1d31€1), and the planar coupling coefficient’ (xp). The lateral stress
coefficient is constant for most PZT piezoceramics at ~10 N/V-m. It is desirable that
YE|d3; be flat with temperature. TRW would like manufacturers to measure the lateral
stress coefficient and/or the charge/strain coefficient. Vemnitron measures kp, which differs
from the charge/strain coefficient by the square root of the dielectric constant.

TRW has come up with a preliminary specification for PZT actuators and/or
sensors. Dr. Bronowicki solicited verbal or written suggestions from workshop attendees

2 Failure is defined as "irrecoverable degradation in actuation constant Ed31." Edsj is a material property
that is used to optimize both sensing and actuation.

This is an indicator of ability to actuate against a stiff structure. A larger number is better.

4 This is an indicator of ability to sense lateral strain using a charge amplifier.
This is similar to the lateral stress coefficient and is a measure of conversion efficiency between
electrical and mechanical energy.
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for improvements in the specification (p. D-5, pp. D-11 to D-15). Basic requirements for
Type I and Type II include the following:

1. Piezoceramic wafer thicknesses <0.02 inches with length and width controlled
within +/-0.02 in.;

Electrode thickness = 0.0002 in. of nickel;

Wafers capable of withstanding 2 psi loads on a flat surface;5
Measured capacitance for each wafer within 5 percent of lot mean;’
Lateral stress output coefficient at RT (Y11d31) 2 10 N/V-m;8 and

A G

Planar coupling coefficient? (nominal at RT, kp) 2 0.55 with a variation in
nominal xp within +/- 10 percent of RT value over a temperature range of
-125°Cto +125 °C.

Dr. Bronowicki also presented a "wish list" for PZT materials and devices (p. D-6):
thinner, multilayer wafers (~2.5 mils thickness per layer); cylindrically curved wafers at
~2.5 mils thickness per layer;10 wafers that operate in the d33 mode rather than the ds;
mode; wafers that operate in the dj5 mode in the plane of the composite for torsion; and
materials that have 10 times the stroke of PZTs with no loss of linearity or bandwidth and
have 1,000 to 2,000 p-strain actuation capability. One of the attendees indicated that
Motorola has a proprietary method for slicing PZTs down to a thickness of 2.5 mils for a
speaker application. These sliced wafers can be bent a significant amount, dependent
somewhat on grain size. Actuation could be increased as much as 2.5 times by using the
d33 mode rather than the d3) mode. This requires a thin stack!! of PZTs in the plane of the
composite, a very difficult manufacturing task. Hagood has devcloped a technique that
uses alternating electrode fingers to approximate this type of behavior: the PZT thicxness is
5 mils and the alternating electrodes are placed 30 mils apart.

Surface flatness appears to be a continuing problem.
Typically, there is a 10 percent variance in capacitance.
Measured values are typically 20 to 30 percent lower than the book value.

TRW would like to have this number measured for each lot. Low temperature sensitivity of this value
is also desirable to ensure the gain margin.

10 The diameter of curvature is 1 in.

11 The thickness perpendicular to the stack is 5 mils. Each layer of the stack is 2.5 mils thick. See
Appendix D, page D-6.

O 000 N o
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B. DR. DEAN JACOT (BOEING)

Boeing has been involved in a number of programs in the "Smart Structures” area
for space. Included among these are embedding of piezoceramics in Gr/Ep composites,
damping of aluminum via piezoceramics, ACESA (Phase 1), and embedding of
piezoceramics for damping trusses, among others (p. D-17). Dr. Jacot described several of
Boeing's efforts in more detail.

The ACESA program was addressing issues associated with precision pointing and
jitter control of a 3-mirror-wide field of view optical system such as ASTREX (Advanced
Space Structures Technology Research Experiments). Two types of beams, a low
frequency and a high frequency, were investigated. Piezoceramics were selected for the
actuators in the high frequency beam (p. D-19): G1195 type ceramics were used for the
actuators which were embedded in Gr/Ep.

In some IRAD work Boeing is examining the use of piezoceramics for sensors and
actuators (p. D-21). Twenty G1195!2 piezoceramic devices!3 were attached to each side of
an aluminum square tube!4 with an epoxy adhesive. A relaxation behavior was noted over
a relatively short period of time: the beam deflection per volt was less than expected. At
first, this was believed to be due to inadequate curing of the epoxy adhesive. It was later
attributed to local deformation of the tube wall. It was suggested that a bimorph actuator
might help sidestep the surface damage problem. Dean Jacot pointed out, however, that
such actuators probably wouldn't work in most structures.

He identified other problems that Boeing has experienced in working with these
ceramic materials/devices. Cracking has been observed in devices embedded and cured in
composiies. Attachment of leads to the devices has been difficult. Initially, round wires
were used which led to cracks in the piezoceramics. Now Boeing uses a flat wire attached
with a silver epoxy, even though the control authority is less. In some cases the full force
of the device cannot be obtained, probably due to incomplete curing of the epoxy. He
emphasized that the load-carrying capability of the ceramic needed to be matched to the
load-carrying capability of the composite as closely as possible.

12 G1195 materials are similar to the Navy Type II materials, PZT-SA.

13 The dimensions were as follows: 0.6 in. x 1.55 in. x 0.01 in. thick. The gap between devices was
0.25 in. (along the length, as near as I can tell).

14 The dimensions were as follows: ~5 feet long X 3 in. x 3 in. x 0.125 in. thick.
2-4




C. DR. BEN WADA (JPL)

Dr. Ben Wada discussed JPL's interests in piezoelectric actuators for dynamic and
static control such as might be of interest for large truss structures or for attainment of
micron level surface accuracies for large mirrors. Accuracy is the key since loads are low.

JPL's active truss member concept includes a high voltage piezoelectric motor.15
The motor consists of a stack of cylindrical rings of piezoceramic/silver/epoxy/Sn/Cu/Sn/
epoxy/Ag/piezoceramic combinations (p. D-26). Basic characteristics of the current active
member are as follows (p. D-27): a maximum operating voltage of 1000 V with a normal
bias voltage of 500 V; ceramic wafer thicknesses of 1 mm (39.4 mils); displacement of
63.4 um (2.5 mils) at 1 Hz; a force of 505 N (114 1b) at 1 Hz; hysteresis of 16 percent at 1
Hz; and power of 3.77 W for 25 Hz at maximum voltage. The maximum stroke is about
S0 um. In actuality, what JPL thought they were getting from the manufacturer (non-
U.S.) and what they got were not the same. Several of the motors failed and were
disassembled to determine why. Vertical and horizontal cracks as well as voids were
observed in the stacks. It was not clear if these flaws existed before the device was tested,
i.e., if they were manufacturing defects. The wafers were specified to be 1 mm thick but
measurements showed that they were 0.5 mm thick. The specific composition was also
unknown,

An alternate design that uses piezoceramic discs without holes has also been
investigated.16 The piezoelectric stack consists of 66 wafers, each 16 mm diameter x
0.8 mm thick. The maximum stroke at 150 V is 45 um and the maximum load is ~200 1b.
The displacement per volt of the in-line actuators was found to depend on frequency. Itis
not yet known if the frequency dependency is related to the specific material or is a result of
the structural dynamics. The actuators also elongate over time: peak-to-peak displacement
increases over months (p. D-33).

Piezoelectric strip actuators are used in deformable composite reflectors!? for static
control, the requirements for which are more stringent than for dynamic control. The PZT-
SH actuator strips are 3 in. x 0.5 in. x 0.039 in. thick. The strain level is 2 um/in. at
500 V at an operating temperature of 200 K; both tensile and compressive strains are

15 The dimensions of the motor are 70 mm long x 15 mm outer diameter, 7 mm inner diameter.

16 See the attached paper, page D-41, for more detailed information on the reflector support structure using
the in-line actuator.

17 The radius of curvature is 7.6 meters.
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important. Space environmental factors such as radiation, atomic oxygen, and temperature
as well as operational loads were mentioned as potential concerns. Dr. Wada indicated that
JPL would like to be able to maintain the desired shape by applying a voltage periodically
rather than continuously. What they are looking for is a hysteretic actuator. Some general
lifetimes of these devices in space were predicted using a safety factor of four (p. D-37):
for a random loading cycle, 0 to 50 °C, the device should be able to withstand 360,000
cycles; for a sine wave loading cycle, same temperatures, ~135,000 cycles are required.
For a ground calibration test, using a compressive preloaded condition and low vibration
levels at 100 K to 323 K, 20 million cycles are necessary. For space operation using the
same vibration levels and a preloaded condition, the number of cycles for Mode 1 is
1.2 million, for Mode 2, 61,000. Apparently these devices have not been particularly
reliable in application so far.

Dr. Wada identified a number of technical areas that need to be addressed for both
the dynamic and static control devices. Issues for both include understanding fracture
mechanics, strength properties and load-carrying capabilities, temperature limitations,
flexibility in bending, bonds and interfaces, reliability, and heat output. Additional issues
associated with static control include creep, stability, frequency, hysteresis, aging, and load
effects on the piezoceramic/interface bonds; stroke capabilities;1® application of continuous
power; and dj3 coupling.

Dr. Wada concluded by stating that there was value added, though this value was
not quantified: performance goals could be met; reliance on analysis could be less;
reliability of the system would be improved; overall system design and possibly ground
validation tests could be simplified. Whether or not the use of these actuators will be cost
effective remains to be seen.

D. DR. JOHN BREAKWELL (LOCKHEED)

Dr. Breakwell discussed the Space Integrated Controls Experiment program
(SPICE). SPICE is a precision optical structure consisting of the following: a large,
segmented primary mirror; a 250-strut bulkhead truss structure supporting the mirror; and a
tripod secondary mirror support system (p. D-51). This experiment is directed toward

18 JPL is interested in actuators with longer strokes from 45 to 1000 um or inchworm-type actuators that
are <1 in. diameter and 3 t0 6 in. long.
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addressing line-of-sight pointing stability for the SDIO directed energy weapon systems of
the future.

Requirements (p. D-54) for the proof mass actuators currently being developed/
used for SPICE include a peak force capability of 60 N, a peak-to-peak stroke-proof mass
product of 8.2 kg-cm, power of <30 W, and a frequency range of up to 500 Hz.

The V-struts being used for SPICE contain viscoelastic damping material. These
struts have been tested at low frequency (<55 Hz) to determine complex stiffness as a
continuous function of frequency. Control system performance has also been evaluated. A
global high authority control/low authority control/passive damping combination is believed
to provide the best performance: attenuation of 100 to 1 can be achieved (p. D-57).

In conclusion, Dr. Breakwell indicated that precise design and modelling of the
actuator devices were needed. Determination of interactions of these devices with other
parts of the structure/system will also be critical. He stated that the major point was that
there is an established procedure in order for a prime contractor to use these devices.

E. MR. RICHARD ALEXIUS (MARTIN MARIETTA-ORLANDO)

The Fast Acting Control Thruster program (FACT) was presented by Mr. Richard
Alexius. The overall objective of this effort is to analyze, design, fabricate, and test a
lightweight, ultrafast, linearly proportional thruster for various Army/SDI applications.
The device, illustrated on page D-61, contains an electrostrictive!? material stack. An
elastomer is used with large and small pistons to amplify the motion (p. D-63): the output
motion is directly proportional to the piston area ratio while the output force is inversely
proportional to it. The stack has a 5-to-1 length over diameter ratio. Tests show (p. D-68)
that with a 50-1b input load and an input-to-output amplification of 1-to-10 , the output load
is 5 1b. A 96 percent motion conversion is obtained but the stack does not return to its
original position: 0.0025 in. are lost after the first stroke. Apparently there is a friction
problem with the motion amplifier and a compliance problem with the ceramic stack.2? The
compliance problem is being addressed via lapping stack ends so that they are smooth, flat,
and perpendicular to the thruster bore mold line. Larger diameter stacks are also being
investigated to reduce the effect of bending. Ben Wada indicated that JPL utilized
mechanical fixtures at the ends of their actuator to avoid a similar bending problem.

19 The electrostrictor material that has been tested in the device is 100AVX 6-8.
20 Eight out of 10 stacks have failed due to stack bending.
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When questioned about the processing of the ceramics, Mr. Alexius stated that they
were cold-isostatically pressed to 30 ksi before firing at 1200 °C; the wafers were not hot-
isostatically pressed after firing. The electrodes run along the sides of the actuator stack.
Even though cracks have been observed at the tabs the stress concentration is believed to be
low. According to Mr. Alexius, the disbond between the electrode and the ceramic is a
limiting factor. The actuators have been cycled up to 0.5 billion cycles to failure without
load but have not yet been fatigue tested under load.

F. DR. ROBERT GLASER (JPL)

JPL is examining the application of piezoceramics for cryocooler vibration isolation
applications. The flight configuration illustrated on page D-73 is the actual size of the
cryocooler to be flown. More typical piezoceramic actuators are being evaluated to damp
the rest of the cryocooler, to prevent the cold finger from moving. These actuators
(p. D-74) are of the Physik P-842.10 Low Voltage Piezo Translator type,2! about 1.5 in.
long. Specific capabilities of the devices include an operating voltage of —20 V to +120 V;
expansions from -3 um to 18 um; a compressive preload of ~67 1b; operating temperature
=20 °C to +80 °C; maximum pulling and pushing forces of ~67 1b and 180 Ib, respectively;
a stiffness of 314 ksi; and a capacitance of 1.8 uF.22 The preload conditions are critical for
launch. Itis believed that low temperature operations should be limited; keep in mind that
the particular spacecraft conditions are —50 °C to +50 °C. Capacitance is a key property for
power requirements. Dr. Glaser mentioned that these actuators are always one-sided and
need to be centered.

Piezoceramics in the form of an applique are being considered for the cold finger:
the ceramic wraps around the cold finger; its action is out of phase with the movement of
the cold finger. The Vernitron PZT-5H material (p. D-75) is being used as the applique for
high d3; motion. One of the objectives is to minimize the height as well as thickness of the
ceramic applique/sleeve. Minimization of power requirements to 1 W is also desired.
Some optimization studies were run; results showing trade-offs among height, thickness,
power,23 and voltage can be found on page D-76. For lower values of voltage (<200 V)
and power (<0.2 W) the height is larger (21.5 in.). For higher values of voltage (>400 V)
and power (>0.5 W) the height is low (<0.8 in.). The applique material apparently exhibits

21 Pphysik is the name of the company that produces the devices.
22 JPL is using 0 to +28 V, Oum to 4.2 um expansion, zero Ib pulling force; 52 Ib pushing force.
23 The power is observed to increase almost linearly up 1o the limit of 1 W.
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marginal behavior at the temperatures at which it is to be used. The ceramic is also brittle
and difficult to handle. Dr. Glaser indicated that the diamond saw is probably causing
cracks in the ceramic.

He also discussed the launch environment that these devices must withstand
(p. D-77). The three worst cases are maximum dynamic pressures, before thrust
termination, and during thrust tail-off. The longitudinal g-forces seem to be much more
severe than lateral g-forces for these conditions. Two tests are of interest for simulating
dynamic loading conditions: sinusoidal vibration tests and random vibration tests. The
sinusoidal vibration test is not critical for this particular application since it is outside the
limits.2 The random vibration test, on the other hand, is critical; it covers the frequency
range from 30 to 2000 Hz.

To conclude, Dr. Glaser stated that lead time from Vemitron for the materials was a
problem. This difficulty has been attributed mainly to changing of designs by JPL after the
order is placed. He believed JPL would buy more ceramics from Vernitron if delivery was
more prompt. The difficulty of performing development work on the actual materials was
mentioned as a problem. He also indicated that JPL desired larger preloads on the actuators
and the inclusion of flexures with the actuators. Low power flight power supplies were
identified as another area of concern.

G. DR. VIJAY VARADAN (PENN STATE)

The final speaker in this session was Dr. Vijay Varadan from Penn State. He
discussed some processing techniques for making these devices and embedding them in
composites. The process illustrated on page D-8023 is a semiautomated manufacturing
system concept. High purity ceramic powders can be produced by a sol-gel process or
conventional powders can be calcined using a microwave process. This calcination process
results in the formation of small, fine, uniform particles. Powders26 are characterized by
grain size and purity. Organics are added to the powder (produced by either method) and
ball-milled for 24 hours; viscosity is measured during this step. The ceramic wafers are
produced via a tape casting process. For process control purposes, tape thickness and
dielectric properties are measured, nonintrusively. The tape can then be cut into blanks,

24 The system is designed to be stiff at 300 Hz; the maximum frequency in the sinusoidal test is 100 Hz.
Note that the cryocooler itself is driven at 60 Hz.

25 Additional descriptions of the processes can be found on pages D-81 to D-83.
26 The piezoceramic material of interest is PZT-5H.
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metallized (for electrodes)??, and hot-pressed. The final sequence is device fabrication and
firing and sintering. The organic binders are removed during firing; sintering can be done
via the conventional process or by a microwave process. Microwave sintering reduced the
time for sintering from days to about 45 minutes. In an attempt to better understand how to
control the process Dr. Varadan and his students have measured the dielectric constant of
the ceramic in the green state and the fired state; at this time the relationship between the
two values appears to be somewhat tenuous.

The piezoelectric chiral materials developed at Penn State were briefly mentioned.
These materials are capable of larger displacements than conventional materials.
Dr. Varadan indicated that processing is very critical for obtaining the desired properties.
The chiral elements are electroded, though if they are all the same individual elements will
not be electroded. These materials are useful for compliant surfaces or "smart skins."

Microwave processing can also be used to cure the composite in which the actuators
are embedded (pp. D-84 to D-88). The microwave has no effect on the behavior of the
actuator: heating of the ceramic is avoided by focussing power at the interface and applying
pressure, as in an autoclave, Microwave processing is also suitable for repair of composite
structures.

Dr. Varadan has developed a portable applicator microwave processing system for
large area joining as well as a taper applicator for strip joining. The applicator is of a
travelling wave type that bonds each layer separately. Bonds made by microwave
processing have been tested in bending and appear to be very strong. The crack is initially
at the joint but grows away from it on further bending.

27 The electrode material is platinum.
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3. PIEZOELECTRIC MATERIALS RESEARCHERS
AND ACTUATOR EXPERTS

Five major topical areas were addressed by this group:

1. Currently available materials and performance trade-offs, both for production-
qualified materials and limited quantity pilot-scale materials;

2. Developmental materials with promising characteristics;
Proposed or predicted actuator materials performance parameters and the
corresponding rationale;

4. Proposed and available multiphase actuator configurations, composites, and
motion amplifiers; and

5. Expected failure mechanisms of actuator materials and potential methods to
maximize and estimate their reliability.

Briefing charts used by each of the speakers in this session can be found in Appendix E.

A. DR. ERIC CROSS (PENN STATE)

Dr. Cross began by describing several types of actuators such as shape memory
alloys (SMAs), piezoelectrics, electrostrictors, contractile polymers, and muscles (p. E-2).
The nature of the process by which actuation occurs and the specific phenomena associated
with that process were also identified. For example, in the piezoelectric ceramics the nature
of the process is electro-mechanical transduction; the phenomenon utilized is ferroelectricity
in a poled ceramic or in a polymer. Achievable strain levels vary widely: the contractile
polymers and muscles can achieve strain levels on the order of 0.5, with SMAs at 0.1, and
piezoelectrics and electrostrictors at 0.002.

The relationship of piezoelectricity and electrostriction to the strain tensor were
discussed to help focus on the achievement of high strain actuators. The polarization-
related piezoelectric constants, bmij, and the polarization-related electrostrictive constants,
Qmnij, are reasonably constant over a range of temperatures. Dr. Cross stated, however,
that there is no known solid with high enough values of b or Q and breakdown to allow
induction by an external field of electric polarization values adequate to generate 1 percent
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strain. He indicated that values of spontaneous polarizations, on the other hand, can be
large enough to generate spontaneous strains up to 15 percent in ferroelectric crystals.
There are two options for control of spontaneous strain: (1) phase changes from a non-
polar to a ferroelectric state, and (2) domain changes in ferroelectric crystals that reorient
the spontaneous strain. Dr. Cross also indicated that, only if the electric polarization terms
(PmPpn) are homogeneous through the solid, large values of strain can theoretically be
induced at zero stress without breaking it.

Various mechanisms for changing polarization to control electrostrictive strain were
discussed in order of increasing induced polarization:
1. Homogeneous polarization of a paraelectric phase--These materials exhibit

"dreadful” performance due to extreme temperature sensitivity; the zero strain
state is stable.

2. Induced polarization in a relaxor ferroelectric (conventional electrostrictor)--
These materials do not exhibit drift or aging behavior but are sensitive to
temperature; the zero strain state is stable.

3. Induced polarization change in a poled ceramic (conventional piezoelectric)--
The zero strain state is unstable due to aging changes of one of the polarization
states.

4. Micro- to macrodomain poled relaxer--These materials exhibit hysteresis and
are sensitive to temperature; the zero strain state is stable.

5. Field forced phase change--These materials exhibit hysteresis and are sensitive
to temperature; the zero strain state can be stable or unstable depending on the
system.

6. Field forced domain change--These materials exhibit hysteresis; the zero strain
state is unstable.

Most of these materials can be operated using bias voltage to induce a larger d3;. There are
problems with the bias field, however.

Dr. Cross next discussed the antiferroelectric to ferroelectric switching in the lead-
lanthanum-zirconate-titanate (PLZT) materials. The polarization-applied field responses are
shown on p. E-8 for compositions identified on page E-7. For these materials linearity of
response is sacrificed for magnitude of strain: strain levels on the order of 0.5 percent can
be achieved. In addition, switching between the two states can occur rapidly, <1 psec if
the applied field is large, on the order of kV/cm (pp. E-11-E-12). There are however, a
number of factors that affect the performance of these materials: specific composition,
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ambient temperature surface preparation, grain size, porosity, and electrodes. The figure
on page E-13 illustrates the importance of surface preparation: the samples with rough
surfaces show a significant degradation in polarization with an increasing number of
switching cycles; the degradation in polarization for the polished samples is noticeably less.
According to Dr. Cross, up to 109 cycles of fatigue can be achieved with these materials if
one is careful in their preparation.

Microdomain to macrodomain switching was the final subject for discussion in this
presentation (pp. E-14-E-23). This happens in spin glass materials that are transparent and
capable of achieving large polarizations though they are sensitive to temperature (p. E-16).
The material is fine grained with grain sizes on the order of microns.! The switching is
essentially a volume fraction effect: the polarization is changed by controlling the volume
fraction of microdomains being changed, which also controls the proportional strains. It is
possible to achieve ~0.5 percent strain. A deliberate hysteretic response, such as would be
desirable for static control applications, is also achievable. The same factors that affect
domain reversal also apply to microdomain/macrodomain switching. For example
(p. E-21), a conventionally sintered PLZT exhibits a 40 percent decrease in normalized
polarization with an increasing number of cycles while a hot-pressed PLZT exhibits almost
no change. As another example (p. E-20), an 80 percent degradation is observed in hot-
pressed PLZT with a conventionally prepared surface compared to a clean surface.
Dr. Cross indicated that stress concentrations in the ceramics at the electrodes are a factor
and can be reduced with careful preparation.

B. DR. STEPHEN WINZER (MARTIN MARIETTA)

Dr. Winzer discussed the advantages and disadvantages of electrostrictive materials
and multilayer actuators. The performance of the electrostrictors are significantly
dependent on temperature,? field, and frequency; the phase transition and capacitive
properties are also issues (p. E-26). These materials do, however, exhibit high energy
densities; large force, high modulus and high strain (up to 0.2 percent) capabilities; low
losses, fast response times; and low hysteresis. Issues associated with the multilayer
actuators include the size, weight, and power requirements for the drive electronics;

The scale for polarization is on the order of nanometers.

2 1t was mentioned that, in the PMN-type materials (lead-magnesium-niobate), for a temperature range of
40 °C, a 20 percent drop in strain capability is observed. For other, unidentified materials a smaller
temperature range results in a 100 percent drop in strain capability.
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fabrication; cost; reliability; fatigue; accessibility; coupling method (attach or embed); and
compatibility. Dr. Winzer also suggested that it would be desirable to vary the thickness of
the individual actuators in a stack. The multilayer devices are, however, flexible in design
and can operate over a wide range of drive voltages.

Martin Marietta has been involved in the development of the lead-magnesium-
niobate (PMN) type electrostrictive materials. A total of 75 compositions of PMN with
lead-titanate (PT) and barium-titanate (BT) have been examined.3 Both weak-field (Tmax)
and high-field (strain) behavior are predictable. In terms of weak-field behavior, Tmax
increases linearly with log frequency; increasing the PT content results in an increase in the
slope of the frequency dependence (p. E-28).

Actuator fabricaz.on techniques were also described by Dr. Winzer. The approach
is similar to that used by commercial manufacturers of multilayer devices. The actuator
layers are 20-25 um thick; electrode materials are Pt and Ag,4 a stripline electrode runs
along the side of the stack with internal electrodes between the layers; operating voltages
are ~25 V; and the field in the ceramic is 1 MV/m. Conventional ceramic powder and
tapecasting processes are used to make the individual wafers. The actuators are then cut,
clectroded, layered, and co-fired. One of the workshop attendees asked if it would be
possible to make a multilayer actuator then cut it so that the d33 poles are the poles that
provide the actuation. Dr. Winzer indicated that it might be possible as long as the pieces
held together during the cutting step: adhesion between the electrode and ceramic was
believed to be the difficulty. Dr. Winzer worked on the development of the FACT actuator.

He concluded by stating that electrostrictive materials and actuators were applicable
to space systems. Issues still to be addressed include the temperature dependence; field,
and frequency dependence of T; fatigue analysis and identification of failure modes in both
materials and devices; and miniaturization of the actuator drive electronics.

C. DR. GENE HAERTLING (CLEMSON)

Dr. Haertling provided an excellent overview of the limitations of piezoelectric and
electrostrictive materials. The charts on pages E-35 to E-38 contain a significant amount of
information; only selected highlights will be presented here. Properties and associated

3 These materials can exhibit cither an electrostrictive or a piczoelectric response. The piezoclectric
response is observed below T.

4 There is a difficulty with internal Ag electrodes: the silver can react with lead during firing.
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phenomena for the PLZT ferroelectric ceramics were discussed first Dielectric, optical,
and electrical resistivity properties are singular properties; the others, such as piezoelectric
or electrostrictive properties, are interactive. Singular ~henomena include, for example,
photoconductivity (dielectric) and space charge effects (electrical resistivity). Interactive
phenomena include photovoltaic (piezoelectric) or photostrictive (electrostrictive) effects.

A comprehensive list of 18 factors that determine performance of these materials is
provided on page E-36. Included among these are composition, microstructure, aging,
fatigue, and creep. Typical ranges for properties of various materials are shown on
page E-37. Dr. Haertling emphasized the minimization of the tan § value. He also
indicated that the less complex compositions exhibited greater stability in terms of their
properties. Common defects include domain bending wl.ich affects toughness; water
enhances crack propagation; the combination of humidity and voltage degrades both the
material and the electrodes such that grain separation can occur.

Dr. Haertling also presented some limiting values for selected factors that affect
performance of these materials (p. E-38). He emphasized that the listed values are not
those that would be received from a manufacturer; they are, in fact, more optimistic though
achievable. For example, the best property reproducibility that can be achieved is thought
to be +3 percent; a manufacturer might guarantee 10 percent. Note that the electric field
breakdown values are for the hot isostatically pressed material.

D. DR. ROBERT NEWNHAM (PENN STATE)

Dr. Robert Newnham first considered the mechanisms by which electromechanical
transducers operate--piezoelectricity, electrostriction, domain changes, or phase changes--
and the associated strain versus electric field response of each (p. E-40). A variety of
composite actuator components such as piezoresistors or varistors were briefly described.
A number of examples of composite materials for these devices vere also shown (p. E-42):
for instance, rods in a matrix (1-3) or spheres in a matrix (0-3). Work at Penn State funded
by ONR has emphasized connectivity patterns and sensors. The illustration on p. E-43
shows how compliance can be controlled by using a sensor and multilayer actuator
combination: the sensor detects stress and the feedback amplifier reduces the actuator
height and changes its elastic modulus.

One specific application was highlighted. Toyota uses piezoelectric sensors and
actuators to electronically modulate an automobile suspension response (pp. E-44 to E-45):
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a five-layer piezoelectric sensor located on the piston rod of the shock absorber detects road
surface roughness within 2 msec; with a high voltage from the electronic control unit an
88-layer piezoelectric actuator produces a 50-um displacement on the oil system (5 msec);
the small displacement is hydraulically amplified to 2 mm, changing the shock absorber
damping force in <16 msec. Several other applications were also mentioned (p. E-46).

Dr. Newnham spent some time comparing and contrasting actuator designs: multi-
layer stacks with large forces and small displacements; bimorph benders with small forces
and big displacements; and the moonie disks with intermediate forces and displacements.
The moonie actuatorsS consist of a piezoceramic disk sandwiched between two shaped
metal electrodes, each having a flat, moon-shaped cavity at the sandwich/ceramic surface.
Cavity size is a critical parameter (p. E-50): increasing the cavity size increases the
hydrostatic piezoelectric charge coefficient, dy; for a given cavity size, increasing pressure
up to about 1000 psi has virtually no effect on dy. The particular choice of metal for the
electrodes is important since the metal does most of the straining during actuation. The
stress state of the metal electrode and/or the ceramic will also be of concern. The bond
between the metal electrode and the ceramic disk is another critical feature. Several types of
bonds including polymers, solder, and solder with metal screens have been investigated.
Apparently, these moonie PZT actuators offer a factor of about 5 improvement in
performance/displacement over the multilayer stack actuators (at 1000 V, p. E-51).
Moonie actuators fabricated from PMN-PT electrostrictive materials exhibit a factor of
10 improvement in performance over conventional PMN (at 1000 V, p. E-53). The d33
coefficient for the moonie actuators is a factor of 10 higher than that of PZT.
Dr. Newnham indicated that PMN moonie actuators stacked to a length of 6 in. have
achieved a 3-mm displacement.

E. MR. FRANK A. TITO (NUWC)

Mr. Tito began his review of high power transducers by discussing limitations of
sona ~ ojectors: media limits such as cavitation; physical limits of the radiated sound that
influence the projector size; and internal projector limits such as electrical, mechanical, or
thermal factors. The schematic on page E-58 illustrates the relationship of radiated power

The approximate size is ~1 cm diameter, 2 to 3 mm thick.

Cavitation occurs when acoustic pressure exceeds fluid static pressure. The cavitation threshold
increases with increasing depth, frequency (particularly above 10-15 kHz), or shorter pulses
(< 0.005 sec).
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versus frequency: at low frequency levels the applied field can limit the performance; at
higher frequencies, stress is the limiting factor.

A number of devices were discussed in more detail (pp. E-62-E-77): hydroacoustic
projectors, moving coil projectors, flexural bender bar projectors, flexural disk projector,
Class IV flextensional projectors, and ring projectors. Common features include relatively
large sizes and weights and high power requirements. These transducers operate over a
wide range of frequencies--from a few Hz to over 100 kHz. For example, the flexural
bender bar projector (p. E-69) is 5.75 in. long and weighs 15 1b; its frequency range is
1300 to 1800 Hz. The Class IV flextensional projector (p. E-73) has dimensions of
24 in. x 11 in. (elliptical) x 34 in. high and weighs 1150 Ib; its frequency range is 450 to
600 Hz. A variety of materials have been utilized for these devices including PZT, PVDF
piezoelectric polymers, PMN electrostrictives, and rare earth magneto-strictives. The
energy density (as measured by 0.5Y3352max, p. E-78) for the rare earth magnetostrictives
at liquid nitrogen temperatures is 50 kJ/m3, significantly higher than for the other materials:
PVDF materials--110 J/m3, PZT4 materials--826 J/m3, and PMN materials--12.6 kJ/m3.
To conclude, Mr. Tito stated that size, reliability, cost, and the power-related source level
were important considerations when examining new materials for these devices.




4. MATERIALS AND DEVICE MANUFACTURERS

This group was requested to address three major topical areas, as follows:

1. Producibility and repeatability issues in the manufacture of PZT materials and
actuators;

2. Auvailability and associated constraints of processing equipment and testing
facilities as necessary for production-quantity materials and devices; and

3. Estimated costs of setting up such facilities, if necessary.

Briefing charts used by each of the speakers in this session can be found in Appendix F.

A. MR. BARRY KOEPKE (ALLIANT TECHSYSTEMS)

Mr. Koepke discussed a possible approach to manufacturing PZT materials with
improved and reproducible electro-mechanical properties, mechanical integrity, and
microstructure. The proposed process would be an adaptation of a chemical precursor
powder production technique currently used to produce transparent PLZT. Expected
benefits include consistent, reproducible powder production; control of powder chemistry;
homogeneous green density and dopant distribution; and a high quality sintered product.
There are difficulties associated with the typical mixed oxide powder production process
illustrated on page F-3: incomplete reaction and heterogeneous phase distribution due to
relatively large starting powders;! inhomogeneous dispersion of dopants; formation of hard
agglomerates due to high calcination temperatures (~900 °C);2 and requirement for hot
pressing to obtain high quality material.3 Another issue is the binder: binders that bum
cleanly are desired to prevent contamination; minimal binder concentration is needed for
easier burnout.

! The composition, morphology, and particle size distribution of these starting powders are critical.
Morphology and size distribution, in particular, affect powder flow and packing. Alliant Techsystems
is interested in using smaller starting powders for faster sintering.

Agglomerates can lead to the formation of internal flaws as a result of differential shrinkage.

3 Alliant Techsystems would like to eliminate the hot pressing step by decreasing the powder size via the
chemical precursor process. On the other hand, for the tapecasting process a slightly larger particle size
is desired for proper dispersion.
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Time and cost are the main differences between the conventional process and the
proposed chemical precursor process, illustrated on page F-5. With the chemical process
one can obtain a uniform phase distribution; a homogeneous dopant distribution; lower
calcination temperatures leading to smaller agglomerates;4 and finer particle sizes. The
chemical process may allow for better control of sintered grain size, lower sintering
temperatures, and smaller flaws. The most typical flaws are voids. It was pointed out by a
member of the group that while voids can stop cracks they are more likely to initiate them.
Flaws are typically examined by inspecting fracture surfaces. Mr. Koepke concluded by
stating that the chemical precursor process appeared to be the best choice for manufacturing
actuator ceramics with repeatable and controllable properties, improved mechanical
integrity, and improved microstructures. He proposed a joint Alliant Techsystems/Sandia
program for optimizing this technology and indicated that the necessary facilities were
already in place.

B. MR. CRAIG NEAR (VERNITRON PIEZOELECTRIC DIVISION)

Mr. Near discussed issues associated with development and manufacturing of high
performance PZT materials. Reproducibility and reliability were identified as critical
material performance issues. He began by presenting data on various properties> of high-
power (hard) and high-strain (soft) PZT materials® (p. F-9): K, xp, d33, and Qp. Lot-to-
lot variations were estimated to be +/— 5 percent for K, a few percent for xp, and
+/- 8 percent for d33; variations for Qm are difficult to determine. The question of aging
was raised. Mr. Near indicated that for the high-power/hard materials the degradation in
properties was less than S percent per decade.

Stability of the new hard materials is being examined in terms of applied field,
temperature, pressure, and frequency. Many of these new materials contain multiple
components that are very interactive; compositions are, therefore, somewhat complicated.
The observed improvements in the performance of these materials have been, so far, only
due to formulation; additional improvements are expected with changes in processing, etc.
Other manufacturing issues (p. F-11) include rheology control in various process steps,

4 Mr. Koepke indicated that Alliant Techsystems could increase the strength of these materials by
25 percent by eliminating agglomerates.
Properties are measured on disks of material.

The new PZT-5K material is a developmental material with a T of about 160 °C. Vemitron is
attempting to obtain a d33 value of 1000 in this material.
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selection of binder materials and ZrQO; sources,’ and the sintering environment and
temperature control.

Some discussion was generated on multilayer actuator stacks. While Vernitron has
not really made thin, hard materials for the multilayer stacks, Mr. Near also indicated that,
though the domain wall phenomena of the soft materials was not well understood,
Vemitron knows how to make multilayer stacks from soft PZT. For example, Vernitron
makes a 12-layer, PZT-5H actuator that operates in the 0 to 400 V range; hysteresis is 7
percent at 50 V/mil.8 However, the device must be operated below 1 kHz. Maximum
displacements are on the order of ~4 um. Mr. Near believed that hard actuator materials
should be used for space applications since the soft materials will depole under continuous
load levels and since the operational frequencies for the soft materials were limited. Mult-
element arrays were mentioned as being useful for generating spatial displacements in
optical applications such as deformable mirrors.

Development issues include not only formulation of compositions, but also
selection of a chemical processing approach; control of the sintering environment and
temperature;? and testing in realistic environments. Costs of powders produced by
different chemical processes vary widely (p. F-13):10 powder produced via hydrothermal
synthesis, costs $8/lb; otncr powder costs are $20-30/1b for aqueous co-precipitation,
$15/1b for thermal co-precipitation, and $18/1b for sol-gel.!! The hydrothermal process
appears to be most attractive in terms of material quality (p. F-14). Chemical processing
can result in improved performance. For example, increases in K, kp, and d33 are noted
for a PZT-5H material derived from special powder processing and special firing
procedures (p. F-16). Variations in measurements of a specific material among vendors
were identified as a problem, specifically. Data for a PZT-8M material tested using the
DOD-1376A high field test approach show significant differences when tested by several
groups, though all data are within the specification limits.

7 The quality of the PZT materials is especially sensitive to the ZrO; source.

Vemitron has fabricated 25-layer actuators. In the fabrication of 100-layer actuators parallelism of the
layers is a problem. Vemitron uses a roll compaction process t0 help eliminate nonuniform
thicknesses.

9 Dataon p. F-15 indicate the importance of sintering pressure and temperature on various properties of
PZT-4S1 and PZT-5K.

10 particle sizes typically range from 200 A to microns with purity levels ranging from 99.5 percent to
99.9 percent.

11 The sol-gel process is considered by Mr. Near 1o be an R&D process.
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Estimated costs for new facilities were also provided: a hydrothermal plant would
cost ~$1.7 million; part manufacturing equipment costs are ~$1.5 million; special firing
equipment costs are ~$250 thousand; testing equipment would cost ~$500 thousand.

C. MR. MELVIN MAIN (EDO CORPORATION)

Edo Corporation is capable of producing large numbers of piezoelectric ceramic
devices. New materials development activities include large geometry products, high
volume products, and extensions of performance of Terfenol-D, PZT, and PMN. The
objective of Mr. Main's presentation was to address performance of piezoceramic devices
in space, in particular at cryogenic temperatures.

The DOD-STD-1376(A)SH test geometry was utilized; the procedure was the
American National Standard C83.24-1962. Data were collected from 5 K to 300 K on
several PZT materials including Type 1 (EC-64), Type II (EC-65), Type III (EC-67 or
-69), and Type V (EC-70). Graphs on pages F-27-F-33 show the relationships between
various properties!2 and temperature. For example, values for d33 for all materials tested
converge at ~50 K while values for d3; appear to converge at ~150 K. Results showing
the percent change in a property compared to that at ambient conditions (295 K) are
summarized in tables on pages F-34 and F-35. As an example, the percent change in d33 at
100 K is —34 percent, at S K, —61 percent.

Mr. Main stated that DOD-STD ceramics would not produce high strains at space
temperatures and would perform poorly relative to their performance under ambient
conditions. The devices would then operate over narrower bandwidths, at lower strains,
and with lower efficiencies. He did not believe that changing the ZrO,:TiO; ratio of the
PZT materials would result in dramatic improvements in their performance at cryogenic
temperatures. Alternative materials warranting development were PLZT and strontium
titanate.

D. DR. JOHN GALVANI (AVX CERAMICS)

AVX Ceramics is a manufacturer of both multilayer capacitors and actuators.
Dr. Galvani compared the capacitor and actuator manufacturing processes (p. F-38).
AVX's capacitor production capacity is 15 million/day with costs for each on the order of
pennies; actuator capacity, however, is less, on the order of hundreds/day with costs in the

12 Properties include d33, d31, Kp. X33, K31, Qm, and K33T.
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range of tens of dollars. Devices are presently fabricated according to specifications
provided by prime contractors. Actuator materials are purchased from Vernitron, Channel
Industries, or others.13 Actuator electrode materials are platinum. Actuators, designed to
operate at 150 V, contain as many as 500 layers, 125 of which are active. Limitations
include the minimum thickness of the ceramic that can be obtained and firing shrinkage
(p. F-39) with respect to the electrode. Burn-out times for the actuators are quite long,
60 to 170 hours, compared to those for the capacitors, O to 4 hours.

Electrode adhesion/bond strength influences the performance of the multilayer
actuators. Dr. Galvani mentioned several different electroding techniques (pp. F-40 to
F-41). To prevent the occurence of unpoled, highly stressed regions, electrodes are often
applied over the full ceramic surfaces. External "pick-up” paths are then insulated from
opposite polarity edges by a Japanese-developed electrophoretic deposition technique using
a glass/epoxy material. Alternatively, a "loose pack" approach uses a porous ceramic and
is designed to relieve these stresses: the porous ceramic is located between the ceramic
layers some distance in from the edge. The diffuse electrode is a functionally gradient
material: ceramic particles are deposited with Pt such that the volume fraction of ceramic
particles varies across the cross-section; this requires multiple printing, usually 3 to 5
times.

E. MR. LESLIE BOWEN (MATERIALS SYSTEMS)

Materials Systems, Inc., manufactures piezoelectric composites and composite
actuators as well as actuator assemblies. The company is also investigating alternative
ceramic processing technologies such as injection molding and device prototyping. The
injection molding process (p. F-44) is attractive since it allows complex shapes to be easily
fabricated: PZT powders are ball-milled, mixed with an organic binder, and placed in a
mold; burnout!4 in a controlled atmosphere, air flash, and sintering follow.

Mr. Bowen observed that there were several approaches for enhancing the
displacement performance of piezoelectric actuators: high-strain materials; strain
amplification via compound actuator designs; and multiple actuator assemblies. Of these
the compound actuator assemblies were thought to be most likely for success, though high-
strain materials and device designs were also claimed to be in the development stage.

13 Actuator materials are PZT and PMN.
14 This step removes carbon and binder residues.
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He felt the actuators needed to be designed with respect to system goals, manufacturability,
and cost.

Examples of compound actuator assemblies include piezoceramic/polymer
composites and flextensional strain amplifiers (moonie actuators). Potential issues with the
composites include the development of high-strain piezoceramics, processing of
ceramic/metal/polymer interfaces, and fabrication of complex shapes. Alignment, joining,
packaging, and testing will be important during assembly. The 1-3 piezoceramic/polymer
composites consist of PZT rods embedded in a polymer, perpendicular to the electrode
surface (p. F-47). Issues associated with the use of these composite materials include
handling of large quantities of PZT rods or fibers and assembly of the composites; cost and
application and integration into a real system. Injection molding has been selected to form
the ceramics to net-shape. The ceramic preform would look something like a comb
(p. F-48).

There are a few issues that need to be resolved for the flextensional strain amplifiers
as well (p. F-49). Included among these are alignment and reproducibility of alignment
during assembly; joining, particularly with reference to the device life; design and reliability
of multiple actuator assemblies; and cost. Currently, Materials Systems is using manual
assembly for pilot-scale quantities of prototype devices. According to Mr. Bowen, the
devices would be redesigned for full-scale production to simplify joining and alignment.




5. DISCUSSION

The purpose of the discussion was to explore potential near-term improvements in
PZT actuator performance. A number of research areas providing opportunities for such
improvements were identified throughout the meeting. These are listed as follows: d3; vs.
d33 performance; displacement/volt; power requirements; fatigue life at high strains; tensile
strain-to-failure; aging behavior and hysteresis; temperature/environmental effects; ceramic
material/actuator fabrication; surface finish; dimensions and available shapes; material
handling; electrode materials and their application to the actuator; post-composite fabrication
actuator performance; and actuator-structure interfaces. Due to the difficulty of addressing
all of these items in detail, the discussion was focused somewhat using several questions as
starting points for additional comments. !

A. MATERIAL IMPROVEMENTS

Lt.Col. Obal inquired if the available PZT materials could be improved. He
believed that the community was coming up against theoretical limits in some cases.
Dr. Newnham indicated that this was probably true for the hard PZT materials though it
may not apply to the soft materials. Dr. Fred Kahn then asked what was specifically meant
by improvement. The general consensus appeared to be that strain performance of the hard
materials needed to be improved. Dr. Cross stated that the hardening mechanism of these
materials is diffusion-controlled: if domain walls can be moved it may be possible to
increase their strain capabilities.

Dr. Galvani indicated that the operating window for these actuators needed better
definition: required strain levels and temperature ranges, as well as voltage/power
limitations. Dr. Bronowicki stated that actuators used in the ACESA composite struts
operated in the range of +/~400 V. TRW is interested in having 2-mil thick Type II
actuators that can operate in the +/~50 V range for the small SDI interceptors. He then
remarked that interceptors in the homing stage will be operating at their maximum

1 Note that often there were several conversations occurring at the same time. This chapter contains the
best information available from the author's notes.
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performance level for about 100 sec; frequencies will be on the order of hundreds of hertz.2
The operating conditions for SDI surveillance systems will be quite different. TRW would
like to have actuators that operate at 10-12 V/mil for these systems. One of the workshop
attendees said that force levels rather than .train should be the requirement for designing the
actuators. In fact, it will probably be a trade-off between voltage and current.
Dr. Bronowicki also indicated that the d33 mode of operation was preferred to the d3; mode
currently used. The djs mode may also be of interest since it has the largest coefficient.
The ability of the material/device to withstand a large number of cycles and, if cracked, to
continue to operate is important.

When questioned about loading on actuators, all the space system users agreed that
the devices were used in tension. The manufacturers then indicated that this was not a
good idea: for structural reliability these active devices should be kept in compression.

The idea of reinforcing the ceramics with whiskers was discussed. While the
toughness of the material can be doubled from 0.6 to 1.2 MPa m~1/2 there is a loss in
piezoelectric properties, particularly in d33. In addition, careful processing is required.
The flaw size cannot be controlled: the initial flaw size is larger and, therefore, the material
is weaker from the start. Dr. Tuttle from Sandia indicated that the critical parameters
limiting the performance of these ceramic materials (with and without reinforcement) were
flaw size and fracture toughness.

The particular aging rate of the materials is also of concern. Such information
would be obtained from qualification testing. According to Dr. Pohanka, aging rates are
included as part of the specifications for Navy transducers. In some cases, the Navy
requirements are very stringent and push the quality of the materials.

B. MANUFACTURING PROCESS IMPROVEMENTS

A number of manufacturing issues were raised during the discussion. Lt.Col. Obal
commented that there was usually a willingness on the part of the buyer of advanced
systems to pay more for parts, etc., if what was needed could be obtained. This is
particularly true for space systems where the value of improvement (1o the system) is high.

In terms of material handling most agreed that improvements in current
manufacturing methods as well as development of new technology such as tape casting

2 Compare this to the few hertz expected for the large, floppy space structures in which NASA has an
interest.
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were in progress. It was believed that much more was possible. There are now only a
limited number of people capable of producing PZT material via tapecasting. Dr. Tuttle
also stated that the tapecasting process was still in the development stage. He did think that
a chemical processing approach could significantly improve material yields over the
conventional oxide mixing approach: a conventional oxide mixing approach was said by
Dr. Tuttle to have a yield of about 10 percent while yields for the chemical approach are
over 95 percent. Such a process would address material reproducibility issues but not
reliability. Others would disagree with this assessment. Dr. Tuttle indicated that device
reliability would be expected to increase if chemically processed materials were utilized.
However, one of the other attendees mentioned that chemical processing was not necessary
to eliminate aggregates in calcining: it could be done by screening, for instance.3

Several of the attendees indicated that problems are induced in the actuator ceramics
prior to assembly. Surface and subsurface cracks introduced by machining, for example,
can grow, eventually causing catastrophic failure. Some end users mentioned that for
actuator layers 5 mils thick planar materials could not be obtained from vendors. Others
felt that this was not a problem.

Mr. Main believed that the limitation was transducer design, not material. Mr. Tito
stated that material was a problem 8 to 15 years ago. He indicated that vendor data (book
values) are used to design the actuators. However, what usually happens is that pieces are
ordered from the vendors, and properties which often do not agree with the book values are
measured. Apparently, when a large number of layers are used in a device the variability in
properties becomes less noticeable.

The microwave processing technology was thought to be an interesting possibility
for implementing these devices into composites.

C. TESTING, NONDESTRUCTIVE EVALUATION (NDE)

Reliability of these devices, clearly an issue, is somewhat related to availability.
One person mentioned the difficulty of obtaining adequate data on device performance to
determine statistical limits because of limited availability.

The issues associated with qualification testing were discussed briefly. For space
systems, "shake and bake" tests are required: these are basically vibration and thermal
cycling tests. The need to be sure that qualification testing of the devices is not in the

3 This was thought to be a cost issue.
5-3




region where permanent damage occurs was emphasized. Dr. Galvani stated that there is
no good way of testing the devices under various loading conditions: AVX tests for voids
and delaminations between the layers; proof tests* can only be performed at low levels so
that damage is not induced.

Dr. Bronowicki discussed TRW's experience in measuring electrical characteristics
before and after loading of actuators: capacitance measurements were within 4 percent of
the expected value. Values for Ed3; were at least as good as the book value, sometimes
even better. Cracks, however, were observed between the Ni-plated electrodes and the
PZT; the PZT itself was cracked. It was pointed out that these cracks can close up during
actuation. According to Dr. Bronowicki, for a system designer to accept this technology,
data from a flight experiment such as ACTEX would be necessary. In addition, vibration
testing in a thermal chamber would also be desirable. He suggested that efforts similar to
those currently in progress in the SDIO M&S program be continued. The utility of a
standard procurement specification with appropriate inspection techniques was highlighted.

4 Some of the devices are tested in tension.
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Abstract

In th= currently envisioned architecture none of the
Strategic Defense System (SDS) elements to be deployed
will receive scheduled maintenance. Assessments of
performance capability due to changes caused by the
uncertain effects of environments will be difficult, at best.
In addition, the system will have limited ability to adjust in
order to maintain its required performance levels. The
Materials and Structures Office of the Strategic Defense
Initiative Organization (SDIO) has begun to address
solutions to these potential difficulties via an adaptive
structures technology program that combines health and
environment monitoning with static and dynamic structural
control. Conceivabie system benefits include on-orbit
system health monitoring and reporting, threat attack
warning and assessment, and improved target tracking and
hit-to-kill performance.

Introduction

The Suategic Defense Initiative Organization (SDIO)
has undergone a dramatic change in its mission architecture.
The system envisioned during the early years was concemed
with the destruction of a substantial portion of a massive
Soviet attack involving thousands of nuclear re-entry
vehicles. Its purpose was to provide sufficient uncertainty to
Soviet forces to enhance deterrence. The goal of the new
architecture, Global Protection Against Limited Strikes
(GPALS). is to prevent from one to. perhaps, hundreds of
attacking missiles from reaching their target. This
architecture may, however, have difficulty achieving its
performance goal than the previously designed systems.
The GPALS systems are to be designed to allow no
“leakers - no penetration of US/allies air space by atacking
missiles. With the proliferation of nuclear and missile
technologies the threat against the US and its allies is of
particular concem.

To attain this goal the elements that constitute the
GPALS architecture must meet performance and reliability
constraints much beyond those of current military weapon
systems. The elements must be able to react quickly and
perform optimally after remaining dormant for an extended
period of time. Two critical components of the GPALS
architecture consist of space-based autonomous surveillance
and defensive eiements. None of these elements will receive
scheduied maintenance. Assessments of performance
capability due to changes caused by the uncenain effects of
natural environmental aging and man-made threats will be
difficuit, at best In addition, the system will have limited
ability to adjust critical structural components in order to
maintain its required performance levels. A solution to these
potential difficulties is adaptive structures technology that
combines heaith and environmental monitoring with threat
attack warning and assessment capabilities and siatic and
dynamic structural congrol.

Members ALAA

Several different concepts for “Adaptive Structures”
may be found in the open literature and in the structures
community at large 1-6. for example The Strategic Defense
Initiative Organization Materials ind Structures (SDIO M&S)
Program has proposed an alternative concept illusirated in
Figure 1. Different types of sensors, cither embedded in or
attached to cerain structures, are used to measure specific
environmental features and to perform various subsystem
diagnostics. These real-time passive devices can provide
several functions such as structural health monitoring for
identification, status, and propagation of cracks: threat
detection measurements; natural environment measurements
including radiation, atomic oxygen, loads, dynamic and
static states. and thermal states; and monitoring of sysiem
states. The sensory information obtained from
measurements and subsystem diagnostics is then nrocessed
and can be stored on-site or telemetered to another location.
This information can also be utilized for static and dynamic
structural control® via appropriate fecdback loops using
active structures containing actuators. The actuator devices
can be static such as for shape control or dynamic such as
for vibration suppression: acoustic and propulsion devices
may also be used. Applications of this technology are oniy
now becoming achievable as a result of developments in
microprocessors and miniature sensors. Conceivable
benefits include on-orbit system health monitoring and
reporting and threat attack warning and assessment via a
combination of sensory structures and information
processing, and improved target tracking and hit-to-kill
performance using a combination of sensory and active
structures with information processing.

Although sdaptive structures offer some very
attractive features for these complex. autonomous systems
there are many issues to be resolved. For sensory structures
questions remain on sensor attachment methods; their
durability in natural and threat environments; the number of
sensors required® sensor placement and sny associated
conswraints; choice of analog or digital output: general sensor
performance; and effects of electromagnetic interactions.
Information processing issues include selection of local
and/or global control approaches; development of
degradation protocol, and selection of a numericaliclassical,
symbolic/rule-based, or a neural network control theory
approach. Issues for active structures include active material
performance; type of active device: methods for energy
coupling: device durability in natural and threat
environments; device placement and any associated
constraints: and power requirements. And, finally, in order
for system designers 10 accent this technology, it must be

Other properties of the system might alto be controlied by such
feedback loops: thermal gropenies. optical properties.
electromagnetic properties, etc.

A large number of low sophistication sensors or 2 few smart sensors
could de utilized.

This includes. for example, the ability of piezoceramic maerials 10
withstand high strains over many cycles.




least intrusive to the design in terms of weight, power, and
reliability. These issues are being addressed to some degree
by the SDIO M&S Program as well as by other rescarchers.

MA&S Adaptive Smuctures Programs

The M&S program intends to leverage outside
research whenever possibie. However, in order to provide
the most appropriate adaptive structures technologies for the
Strategic Defense Systems M&S efforts are currently
focusing on the application of adaptive structures technology
1o provide SDS space elements: on-orbit system health
monitoring and reporting and threat attack warning and
assessment via a combination of sensory structures and
information processing; improved target tracking and hit-to-
kill performance via a combination of sensory and active
structures with information processing. A M&S program
chart showing points of contact and areas of research can be
found in Table I. The general approach is through ground-
based demonstrations leading to generic structural space
experiments as appropriate. Exampiles of some of these
programs follow.

Sensorv Structures

Four areas M&S is currently focusing on in this area
are real-time assessments of the state of (1) critical moving
mechanical assemblies (MMASs) and momentum transfer
devices; (2) micrometeoroids and debris (MM&D)
identification; (3) real-time evaluation of critical materials
deterioration and spacecraft contamination; and (4) threat
attack waming and assessment.

Moving mechanical assemblies and momentum
transfer devices are mission critical components on many
DoD space assets: if the device fails the system cannot
perform its mission. Examples are illustrated in Table 2.
Wright Laboratories has initiated a M&.S program to develop
a health monitoring system for MMAs 0 help address
potential failure problems. An example of a smart
tribomechanism is illustrated in Figure 2. Major segments of
the program include the following: (1) identification of
vibration and torgue signal signatures¢ for bearing structural
mechanism and lubricant failures: (2) use of embedded or
attached sensors to identify changes in acoustic or thermal
signatures of the device; (3) development of an on-board
control system to enable comective action such as activation
of adaptabie beanng preload or of exercise protocol for
fretung suppression; and (4) analyses of actual and predicted
signatures to determine the expected remaining life of the
device. This technology, applicable to any space assets
having MMAs, would provide on-orbit capabilities to control
or alter performance to extend system life.

One of SDIO's concemns for SDS elements is the
degrading effect of MM&D or kinetic energy weapons
(KEW) attack over t. n¢ on critical sensor structures. To
provide real-time as. :ssment of these impacts, NRL is
chartered to investigate technologies (or impact detection,
location identification, and damage assessment sensor
systems. These sensor sysiems will be demonstrated via
extensive ground and/or flight testing. M&S is leveraging
ongoing work for DARPA on application of such sensor
systems ir submarine hulls for damage detection and
analysis. The general approach is to detect, locate, and

These signature outputs are 1o be correlated with specific failure
mechamsms. Under another M&S uibology program Lockheed is
cofreisting torgue signals with failure mechanisms of super-dense
MoS7-coated beanngs.

assess local structural damage and 1o determine the
remaining structural performance capability. The operational
requirements and specific environments need to be defined in
order to select appropriate sensors and devices and locauons,
thereof. Acoustic emission and optical methods are being
examined. Typical sensors may consist of piczoelectrics,
capacitance-type sensors, and fiber optics. A proposed
acoustic emission technique uses a passive plate wave
approach that recognizes source orientation effects and the
true nature of the waveform as a function of structural
geometry. Several types of fiber optic sensors are also being
considered in a two-phase program: in Phase 1, speckie
modulation and multiplexed interferometric arrays (shown in
Figure 3) 1o detect occurrence of impact and location: and in
Phase 2, distributed strain rosettes to detect deformation.
The sensors, to be located on critical areas of the spacecraft,
are also expected to be jeast intrusive to the system in terms
of power and weight. This technology is applicable to a
broad range of sysiems; examples are BP and BE optical
sensor, antenna, heat exchanger, and solar array surfaces.

To actively determine the heaith of critical optical
coatings and other materials and assess spacecraft self-
contamination in the orbiting environment, M&S is
developing the Space Active Modular Materiais Experiments
(SAMMES) program. The SAMMES moduies, located on a
generic spacecraft, and the system confliguration are
illustrated in Figure 4. Though not the original goal of this
program, an additional benefit of SAMMES may be the
capability 10 provide spacecraft with lightweight, low power,
modular avionics for active health monitoring of mission
critical materials. Recent findings from the Long Duration
Exposure Facility (LDEF) suggest that contamination may
pose serious problems for SDIO-like sensor sysiems.
SAMMES may also offer the potential for active monitoring
of contamination.

To field a fleet of surveillance and space-based
interceptors or high value directed energy weapon (DEW)
platforms will require continuous knowledge of the threat
environment. Potential kill mechanisms range from the
subtle (i.e., damage to parts of an electronic system from
microwaves) to the direct (i.e., major structural damage from
a nuclear explosion or a high-power laser). The external
sutface of the space asset provides an opportunity to embed
or attach sensors that can identify and measure the threat.
An additional benefit will be the ability to distinguish
between system failures caused by natural or man-made
environments. The M&S Program has initiated a program to
develop a2 “"Smart Skin™: a prototype. light weight. low
power sensor skin. These sensors will be able to measure
radio frequency (RF), laser, and nuciear energy deposition
on the satellite. These sensors include conformal antennae
for RF detection, coated pyroelectric films for laser detection
(Figure S), and fiber optics for nuciear detection. The
sensors and initial signal conditioning are embedded or
attached to the spacecraft skin which provides thermal and
space environment protection for the devices. Information
from the skin is provided 1o on-orbit or ground-based
systems that would identify the source of the energy and its
damage capability. Since some of these sensors do require

Fiber optics have advanusges that include light weight. immunity
from elecuro-magnetic interactions, electrical passivity, low powet
consumption. minimal leads in and out. and no direct current drift or
bias qffsn. Disadvanuges depend on the specific sensoc type and
may include inadequate sensitivity, requirement for inicgrated
measurement over the whole fiber length, complex signal processing,
fabrication of many reflective splices, requirement for multiple
wavelength light sources, temperature sensitivity, and the need for
high speed elecronics.




surface mounting, the skin itself must not interfere with the
thermal balance of the spacecraft or require an €xcessive
amount of surface area. A variety of materials have been
examined for the skin structure. Combinations of advanced
thermoplastics with shuttle tile ceramics appear promising
for structural rigidity and thermal balance features. The
advantage of real-time threat detection and assessment 15 ths
ability 1o provide cntical information for the SDS fleet "user
to enhance survivability of those elements. This technology
would be applicable to all US and Allied space assets.

SDS elements require extreme tracking capabilities to
meet mission performance goals. GSensor jitter from
structural response seriously degrades this capability. Actnve
and passive vibration suppression technologies provide a
method of adaptable jitter control. Vibration control using
piezoelectric devices as sensing and actuating elements has
been in development for at least two decades. B.K. Wada's
overview 3 of adaptive structures identifies research effons
undertaken in the early 1980's. This research has been
significantly extended by industry and academia to the point
where integration into ficlded systems is more appropriate.

The ACESA (Advanced Composites with Embedded
Sensors and Actuators) program was an early M&S initiative
into the sensory/active structures arena. Overall goals for the
program included design, fabrication, testing, and evaluation
of composite components containing embedded sensors,
actuators, and microprocessors. A number of parameters
imponant in the selection of the sensors and actuators were
identified: accuracy, dynamic range, frequency response,
linearity, noise rejection. health monitoring capability,
networking, device cost, survivability in natural and threat
environments, technology readiness, embedding capability,
and material processing conditions. A number of sensors
and actuators, among *hich are fiber optics for sensors and
shape memory alloys (SMAs) and piczoelectric ceramics for
both sensors and actuators, were examined in light of the
above parameters. The ability to use relatively simple drive
electronics combined with other beneficial properties! led to
the selection of piczoelectric ceramics for both sensors and
actuators.

Some difficulties with embedding these and other
devices into the composites were noted 7- 8: fiber optic
breakage, piezoelectne ceramic electrical insulation and
cracking®, mandrel thermal expansion, longitudinal mandrel
bowing, and eiectrical insulation of shape memory alloy
devices. Additional issues included mechanics of the
device/structure interface during compression or tension,
miniaturization for weight and power management, and
central vs. distributed analog-to-digital (A/D) processing.
Generally, though, characterization tests verified that the
sensitivities and dynamic ranges of the sensors and actuators
met the requirements derived from the system studies. The
active structural control tests showed that the devices

f

Piezoceramic sensor materials such as lead zirconate-lead titanate
(PZT) exhibit low tempersture and radiation seasitivity and high
strain sensitivity. As sensors they have a large dynamic range and a
frequency range exceeding the kHz level. In terms of sctuation PZT
devices have 3 quick response time coupled with high efficiency and a
potentially large force authonty.

One solution to this difTiculty was to encapsulate the PZT device
with fiberglass or keviarsepoxy prior 10 placement within the
suuctyre. This step is particularly crucial if the device is to be
embedded into a graphite-resnforced composite since the fibers are
conductive and will ground the high voltage circuits necessary to
power the device.
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promoted significant damping and very short settling times.
Good agreement was obtained between conuol simulations
and experiments. Additional work is still needed, however,
to address other issues such as active material development
to obtain betler actuator performance/watt, sensor and
actuator placement, miniaturization of circuits and power
conditioning. advanced control theory for adaptabie control,
neural network development for the “intelligent” aspects, and
survivability in the space and threat environment.

Forward, Swigert, and Obal9 completed one of the
first successful demonstrations of the application of surface-
mounted piezoceramic sensors and actuators for vibration
control in a SDIO-like directed energy weapon system - the
AF Airborme Laser Laboratory. A substantial amount of
jitter reduction on a cavity resonator mirror was achieved
with the combination of a passive tuned mass damper and an
active rate feedback vibration control network that included
piezoceramic devices. Unfortunately, the state of the
technology at that time led to excessive high voltage power
requirements. ACESA demonstrated an order of magnitude
improvement in both actuator coupling and power
requirements.

To meet current SDIO system power constraints
using active vibration control, the performance of these
active matenials must be improved in order 1o obtain greater
strains for 2 given input electrical load. To that end a task
has been initiated at the Naval Research Laboratory (NRL) 10
improve toughness and durability of piczoelectric and
electrostrictive actuator materials in order to obtair. larger
deflections, possibly up to 10 times that of conventional
materials. The M&S Program is aiso looking for significant
improvements in the number of cycles these materials can
withstand under high/maximum strain conditions to address
reliability concerns.  Improvements in material
reproducibility and manufactuning quality are also desired:
i.e., it is difficult to obtain lead zirconate-lead titanate (PZT)
materials having small variances in performance paramneters
from current vendors. Some interesting work is being done
by Litton Optical Systems in conjunction with The
Pennsylvania State University on the deveiopment of
discrete multi-layer actuators made from lead magnesium
niobate doped with lead titanate (PMN:PT)!10. Results of
their parametric studies showed a factor of ~3 improvement
in achievable strain as well as improvements in material
reproducibility and manufacturing yield. Included in the
NRL task are specific research siudies on methods to
eliminate extrinsic voltage breakdown: the use of
compositional chemistry, i.c., doped barium-containing
PZT, 1o increase strain performance; and development of
composite piezoelectric and electrostrictive materials
containing whiskers or fibers 10 improve strength and
toughness and to obtain higher c/a ratios. Methods for
integrating these piczoelectric devicesh into different actuator
design configurations are also being investigated. Improved
actuator materials would be applicable over 2 broad range of
structural systems to provide better energy coupling.

Recognizing that the option of embedded sensors and
actuators will not be permitted for all structures,i a concept

h

The Japanese are wansitioning advanced piezoelectric devices into a
number of commercial products, i.c.. autofocus mechanisms for
cameras, curizin pullers, serators for fish 1anks, later printer heads,
etc.

For exampie. sensors and actuators may not be able to endure severe
composite component manufacturing processes. Or, vibranon
probiems may not have been anticipated or identified durning the
design process thus requiring a rerofitted solution.




for a space-durable modular patch is being developed. The
patch integrates the sensor, actuator, controller, and power
conditioning electronics into a single package that can be
bonded to the structure and interfaced directly with the
power system. An individual patch could exhibit local
vibrational control or could work in concert with other
patches in a global manner. Naturally, the patch must.bc
space-durable and engineered in such a manner as to provide
optimized coupling between the actuator and the structure.
Expected benefits include significantly reduced control
system weight and volume and, potentially, increased
damping. This technology could be used to retrofit
structural components for which embedding such devices 15
not an option: systems that undergo severe composite
manufacturing process conditions or existing systems having
vibration problems.

Such active vibration suppression concepts will be
demonstrated on the Advanced Materials Application to
Space Structures (AMASS) program. This program
includes studies on dynamic decoupling of solar array
support structure during rapid motions. Figure 6 is an
illustration of the concept. Solar arrays, utilized on a
number of existing satellites, are expected to be used for
several SDI systems.

As mentioned previously, sensor jitter continues to
be an issue with the advanced SDS assets. One of the
greatest sources of sensor jitter, given a quiescent spacecraft,
is the cryocooler itself!!. 12, A project was initiated by
M&S with JPL to address this difficult problem. A PZT
device is being used to isolate the motion of a cryocooler
cold finger on an existing, advanced Stirling cryocooler.
JPL expects to demonstrate a factor of 2 to 5 reduction in
transmitted vibratory forces in the 0 to 200 Hz range. Such
2 cryocooler system is expected to be flown on a UK satellite
in FY93 to obtain space durability data in a high radiation
environment. The technology is applicable to extremely
small cryocooler systems intended for BP or BE where
cryocooler-induced vibrations couple to the focal plane array
sensor and lead to increased jiner.

To provide adaptive control of the sensor critical
structures, the state of the plant must be known at all times.
The M&S program is pursuing demonstrations of sysiem
and parameter identification (ID) technologies to meet this
requirement. To address this issue researchers at the Jet
Propuision Laboratory (JPL)!3 have been examining
methods for system ID of open and closed loop siructural
systems in space using active members on ground test
articles. Experiments were performed on a cantilever truss
structures. Their results indicate that active members can be
used as an excitation source for on-orbit system
identification for both ciosed and open loop systems. The
active members provide a modal excitation source to aid in
identification of low amplitude dynamic characteristics that
are important in large, precision space structures. The
difficuity of simulating on-orbit conditions on the ground for
system/structural identification is well known. M&S is
cooperating with the Phillips Laboratory in advancing such
tnvestigations via the Inexpensive Flight Experiment
(INFLEX) program. On-orbit system and parameter ID
;@pge;imems will be carried out on this space test bed in

The Advanced Control Technology Experiment
(ACTEX) will demonstrate many of the adaptive structures
technologies being investigated by M&S for improved
tracking and hit-to-kill performance in space. In fact, the
technology developed by the ACESA program provides the
basis for this experiment. A smalil, composite, sensor-
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mounting tripod (Figure 7) with numerous embedded PZT
sensors and actuators and corresponding control avionics
will perform various vibration suppression and adaptive
control experiments. Issues being examined include
mechanics of piezoelectric device/structure interfaces,
durability of the devices and structural materials in space,
system iden:ification of the structure, methods to change
structural stiffness for re-identification, and miniaturization
of power and control devices. Three years of on-orbit
performance and space effects data are to be obtained via a
space flight.

An ultra-fast (~1 msec), lightweight (~0.1 1b),
linearly proportional control thruster (10 Ib maximum force)
called the Fast Acting Control Thruster (FACT), is being
developed to improve vehicle attitude control for various
SDS elements. The device, 0.625 inches (diameter) by 2.5
inches (length), consists of a piezoelectric/electrostrictive
actuator, an elastomeric motion amplifier, and a cold gas,
high force-gain valve. It is illustrated in Figure 8. A
number of issues are being addressed in this program: active
material hysteresis, general performance, and fatigue limits;
active material stack design and manufacturing; motion
amplification device performance: throat position
determination and feedback; and reductions in size, weight
and power requirements of drive electronics.

Transfer of an innovative spacecraft technology such
as adaptive structures into developing spacecraft is the last
step in the maturation of a technology and can be a
formidable challenge. Spacecraft designers are justifiably
cautious in accepting a new technology without flight
heritage. Therefore, M&S has initiated plans for a program
called TechSat. Its purpose is to provide an on-orbit, multi-
discipline experiment platform for testing and validating
promising technologies important 10 SDI space assets. An
tnitial list of candidate experiments for TechSat includes
several adaptive structure demonstrations that build on
advances described elsewhere in this paper.

System advantages obtained from use of adaptive
structures technologies are expected to include increased
agility, pointing precision. stability, and shape/alignment
control, all of which contribute to enhanced target tracking
and hit-to-kill performance. These technologies would be
applicable to a number of SDI systems such as BP, BE,
Ground-Based Interceptor (GBI), E2], THAAD, and Neurral
Particle Beam (NPB).

A number of potentially significant benefits for SDS
elements using adaptive structures technologies have been
identified: on-orbit system health monitoring and reporting,
threat attack warning and assessment, improved target
tracking and hit-to-kill performance. The current M&S
programs were basically selected and initiated during FY91.
Communication and coordination with the SDS program
clements (BP, BE, etc.) is a continuing effort. All the M&S
programs have planned intermediate ground demonstrations
to assess their progress since many technical issues still need
to be resolved. Additionally, all of the adaptive structures
technologies developed under the M&S program must
satisfy the necessary space and threat durability requirements
as well as provide minimum weight, power, and reliability
concerns for the system. Though some elements of adaptive
structures technology are ready for demonstration there are
issues that remain to be addressed. The SDIO M&S
Program is leveraging existing efforts in and coordinating
with other U.S. government programs and agencies to
address some of the most important concerns.
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Table 1. Materials and Structures Adaptive Structures Program Organization FY92

Sensory Structures
With Information
Processing

Sensory/Active
Structures With
Information
Processing

Programs Points Of Contact Phone No.
F1504 (Air Force)

Health Monitoring of Moving Mechanical Mr. Karl Mecklenburg 513-255-2465
Assemblies

N1504 (Navy)

Sensor Development for Micrometoroid/Debris Dr. Robert Badaliance 202-767-6380

Identification
S1504 (SDIO)

Space Environmental Effects and Contamination Lt.Col. Michael Obal 703-693-1663

Sensor Developments
E1504 (Department of Energy)

Sensory Structures Dr. Mark Hodgson 505-667-6772
F1504 (Air Force)

Passive Damping Application Technology Dr. Alok Das 805-275-5412

Vibration Suppression for Cryocoolers Mr. Paul Lindquist 513-255-6622

Advanced Materials Applications for Space
Structures (AMASS)
Advanced Composites with Embedded Sensors
and Acwators (ACESA)
Advanced Contral Technology Experiment (ACTEX)
Modular Control Patch
High Frequency Passive Damping Strut Development
Ontional PZT Passive Damping
Autonomous System Identification
Adaptive Structural Control
A1504 (Army)

Adaptive Thermal Isolator Mr. Doug Ennis 205-955-1494

Fast Acting Comrol Thruster
N1504 (Navy)

Large Deflection Ceramics for Actuators Dr. Manfred Kah -767-
S1504 (SDIO) " " 202-767-2216

System ldentification Flight Experiment (INFLEX) Dr. Fred Hadaegh 818-354-8777

TechSat Lt.Col. Michael Obal 703-693-1663

Table 2. A History of Tribology Problems in Space and Spacecraft System Impacts

Program Tribological System Problem

DMSP OLS Sensor Launch Clamp Seizure on Launch Pad

NAVIGPS Reaction Wheels (4/Satellite) Torque/Temperature
Runaway, Pointing Esrors

Skyiab CMG Bearing Failure

(&) 4 CMG Bearing Failure

copP ATP Harmonic Drive Excessive Wear

cDP Large CMGs (4/Satellite) Runaway Tomque, Cage
Fracture, Lubncant
Breakdown During Test

DSCs, CDP Slip Ring Excessive Noise

Galileo High Gain Antenna Sticking of Antenna Rib
ll:i;:Duc 0 Dry Lubricant

Impact

Single Point Failure, Prohibit
Launch
Lubricant Loss and Starvation

Premature Mission Failure

Loss of Mission

Degraded Mission, Possible Failure
Life Test Failures @ <172 Life,
Lubricant Starvation, Cage
Instability Using Active Oiler
Communication Antenna Pointing
Unfuried Amenna,

Crippled Mission
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APPENDIX B

WORKSHOP AGENDA AND
LIST OF ATTENDEES




7:55 am
8:00
8:10

8:15
8:30
8:45

9:00
9:15
9:30
9:45

10:00

Workshop Agenda!

Institute for Defense Analyses
2001 N. Beauregard Street
Rooms 121-123

Welcome J M. Sater, IDA
Introduction Lt.Col. M. Obal, SDIO
Meeting Objectives M. Kahn, NRL

I. Piezoceramic Actuator Application Designers and Users

ACESA, ACTEX Experiments A. Bronowicki, TRW

Piezocontrol Benefits D. Jacot, Boeing

JPL In-Line Truss Actuator B. Wada, JPL

Experience

DEW Space System Applications  J. Breakwell, Lockheed
Fast-Acting Control Thruster R.C. Alexius, Martin Marietta
Cryocooler Vibration Isolation R. Glaser, JPL

Application of Piezoelectric Materials V. Varadan, Penn State

to Mechanical Response Control

Break

II. Piezoceramic Materials/Actuator Researchers/Experts

10:15
10:30

10:45

11:00
11:15
11:30
11:45

12:00

Practical High Strain Materials E. Cross, Penn State

Design of Space-Qualified Actuator S. Winzer, Martin Marietta
Materials

Intrinsic Limitations of High Drive = G. Haertling, Clemson
Piezoelectric Materials

Actuator Configurations R. Newnham, Penn State

High Power Transducer Design F. Tito, NUWC

Actuator Testing and Reliability E. Cross, R. Newnham, Penn State
Composite Materials M. Kahn, NRL

Lunch

1 Speakers, please limit the number of briefing charts for presentation to 5 or 6. Plan for a 10 minute
briefing to allow S minutes for questions and discussion. Additional charts may be provided to
attendees or used as backup and during the discussion period. You may also bring samples, etc.
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[I. Materials/Device Manufacturers:

1:00 pm Bulk Powder Processing - Impacts B. Koepke, Alliant Techsystems

on Reproducibility and Reliability

1:15 Manufacturing Issues with High C. Near, Vemitron Piezoelectric Div.
Performance PZT Materials

1:30 DoD STD 1376 (A) SH Ceramics M. Main, EDO Corp.
Types I, I, IT1, V at Cryogenic
Temperatures

1:45 Manufacturing Constraints of J. Galvani, AVX Ceramics
Co-Fired Multi-Layer Actuators

2:00 Tooling Up to Make Actuator L. Bowen, Materials Systems
Assemblies '

2:15 Break

2:30 Discussion and Closing Remarks  All
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List of Attendees

Speakers: J.M. Sater, IDA
LtCol. M. Obal, SDIO
A. Bronowicki, TRW
D. Jacot, Boeing
B. Wada, JPL
J. Breakwell, Lockheed
R.C. Alexius, Martin Marietta
R. Glaser, JPL
V. Varadan, Penn State
E. Cross, Penn State
S. Winzer, Martin Marietta
G. Haertling, Clemson
R. Newnham, Penn State
R. Tito, NUWC
M. Kahn, NRL
B. Koepke, Alliant Techsystems
C. Near, J. Gray, Vemitron Piezoelectric Div. of Morgan Matroc
M. Main, EDO Corp.
J. Galvani, AVX Ceramics
L. Bowen, Materials Systems

Guests: S. Griffin, PL
W. Smith, R. Pohanka, ONR
B. Tuttle, Sandia
G. Homner, NASA-Langley
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APPENDIX C

ADVANCED PIEZOELECTRIC CERAMIC
ACTUATOR MATERIALS FOR
SPACE APPLICATIONS
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APPENDIX D

ACESA, ACTEX AND AMASS PZT
MATERIAL NEEDS
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Mechanical Validation of Smart
Structures

Allen Bronowicki, Robert Betros & Ted Nyet
and

Lori McIntyre, Lee Miller & George Dvorsky}

TRW Space & Defense
1 Space Park, R4/1074
Redondo Beach, California 90278
(310) 813-9124

ABSTRACT: TRW is developing smart strut
technology for application to spacecraft
vibration and shape control on a number of
contract and internally funded research
programs. Performance verification of
lightweight composite structures with
embedded piezoceramic sensors and actuators
in the harsh spacecraft environment is a key
requirement. Graphite epoxy, graphite
polycvanate and graphite thermoplastic
members have been fabricated with thin lead
zirconate-titanate (PZT) actuator and sensor
wafers embedded in the composite layup.
These members have then been subjected to
tension and compression loading, hundreds of
cvcles of fatigue loading at levels indicative
of launch loads, and thermal cycling tests at
temperatures found in the hard vacuum of
space. Results of the testing are promising.

1. INTRODUCTION:

TRW has been performing mechanical
validation testing of srmart composite members
under the Advanced Composites with
Embedded Sensors and Actuators (ACESA)
program, and the Advanced Materials for
Application to Space Structures (AMASS)
program, run by the AF Phillips Lab and
Wright Lab respectively. The goal is to
determine static limit load and fatigue
allowables, and to determine the effect of
temperature cycling on endurance and
performance of these members.

2. STATIC ACTUATION EVALUATION:

The PZT d31 coefficient relates strain
to field, and is a major determinant of
actuation and sensing capability in actively

* Dynamics Department
3 Materials Engineering Department
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damped composites. Two standard Navy PZT
compositions, Types I and I, were evaluated.
The strain limits of the encapsulated wafers in
the lateral 1-direction were tested to
determine the applied strain level at which
point actuation losses occur.

2.1 COUPON DESCRIPTION: 7.5 mil thick
PZTs were encapsulated in an insulating
medium prior to embeddment in either a
graphite/epoxy or a graphite/thermoplastic
(Radel® - polyarylsulfone) laminate.

The graphite composite lay-up was designed
to provide 2 modulus similar to the PZT's (10
Msi) being tested. Strain gauges were applied
to the exterior of the completed coupons, and
the coupon strain was recorded as a function of
applied voltage. An example of one of the
generated plots can be seen in Figure 1.

1
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Figure 1. Initial Actuation Response of Navy
Type I PZT Encapsulated in Thermoset.
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Figure 2. Actuation Response of Navy Type Il
PZT Encapsulated in Thermoset After 4000 p-
Strain Tensile Load Conditioning.




Each specimen was loaded in tension to a
specified strain level. The specimens were
unloaded and the actuation curves were
replotted. The loading cycles were then
repeated at higher strain levels until
significant degradation in actuation properties
were noted. The loss in actuation can be seen by
comparing the initial actuation curve seen in
Figure 1 to the actuation curve of the same
specimen after a 4000 p-strain applied load,
shown in Figure 2.

22 Actuation Definition: Most piezoelectric
drivers employ PZTs in the d33 mode to apply
axial point loads to structures. More recent
smart structure applications employ the d3)
mode since thin wafers can apply loads in
parallel to thin composite structures. The d3
value is determined by measuring the strain-
voltage relation in the coupon and deriving the
PZT coefficient using the relation:

e] = d31 (V/tp) (E1ptp) / (E1ptp + Elcte)
where the subscripts p and c indicate PZT and
composite properties, respectively. When the
composite stiffness is significantly greater
than the PZT's, the product of PZT lateral
modulus (E1p) and piezoelectric coefficient is
more accurately determined. The material
constant E1d3] represents lateral stress
generated per unit field, and is the best
measure of ability to actuate force on a
composite smart structure.

The d31 value presently quoted by most
vendors is the initial or low voltage response of
the wafer (note Reference). Actual d3;
responses are not linear, and increase as the
applied voltage increases. The value of E1d31
can be computed using peak strain and voltage
levels, or by using the initial tangent response.
Figure 3 shows a plot of E1d3] calculated using
peak to peak and tangent actuation values.
The bottom response curve (marked as 0) is the
actuation determined using the initial/tangent
actuation portion of the coupon strain vs.
voltage plots. The 50, 100, and 150 Volt peak
to peak actuation plots are located above the
tangent curve.

2.3 Definition of Strain to Failure: Static tests
were initially performed on the ACESA
program and a tentative definition of failure
was determined to be 600 and 1,500 u-strains for
Types | and I1, respectively. These definitions
were later redefined on the AMASS prgram.
This data, shown in Figure 3, illustrates that
the peak to peak actuation values decrease

more than the tangent actuation value when
stressed beyond 2500 p-strains for Type 11.

B
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MCRO-STRAINS OF DEFLECTION

Figure 3. Computed E1d3) as a Function of
Applied Strain At Various Peak Voltage
Levels for Navy Type II in Thermoset.

24 Gr/Epvs.Gr/Tp: Prior efforts were made
to encapsulate the Navy type II PZTs into
graphite/PEEK composites. The high
processing temperature of the PEEK
thermoplastic (+700° F) depoled the PZTs
resulting in a loss in actuation capability.
Additional thermoplastic encapsulation
studies were performed using a lower processing
temperature thermoplastic (Radel at 550° F).

Figure 4 shows that the applied strain limit
of the thermoplastic encapsulated Navy type
11 PZTs is significantly less (500 to 1000 p-
strains) than that of the graphite/epoxy
encapsulated wafers. Internal thermal
stresses, caused by the higher processing
temperature of the graphite/Radel composite,
are considered the cause of the reduced strain
limit.

€1 431 - (BS/N V)

Figure 4. Computed E1d3; as a Function of
Applied Strain for Navy Type II in
Thermoplastic.




3 DYNAMIC COUPON EVALUATION:

Following definition of static failure
strains in the ACESA program, a set of four
dynamic validation coupons were fabricated
and subjected to fatigue and thermal cycling.
The coupons were flat-sided tubes roughly 1/2
inches deep, 2 inches wide and 50 inches long.
The layup had ten 0° plies and 5 sets of $60°
plies of T300 graphite epoxy. Type I actuator
and sensor wafers were 10 mils thick, and Type
1 actuator wafers were 15 mils thick with
sensors at 7.5 mils. Wafers were poled so as to
actuate and sense bending motions. Actuators
were 12.5 inches long and were located near the
base of the cantilever beam. Sensors were 1.25
inches long. A nearly colocated sensor was
located just below the actuator, and a colocated
sensor was in the middle of the actuator region.

3.1 Fatigue and Thermal Cycle Testing:

Tensile fatigue loads were applied to
the first two struts (I-a & Il-a) at 60% of limit
as defined by ACESA testing. The lack of
measurable damage led to the higher loading
schedule on struts I-b and II-b shown in Table 1.
Schedule b) is representative of cyclic tests
used for Space Shuttle fracture control.
Thermal analysis indicated that passive
thermal control could maintain the
temperature of a strut exposed in space within
the range *100° C. Following fatigue loading,
the struts were subjected to 12 temperature

cycles from -100° to +100° C.
Table 1. Fatigue Loading Schedules
Type - Load |Strain] %of | #of
Schedule M-t
360 |
I-b 2,500 | 600 { 100%§{ 10
2,000 | 480 | 80% | 50
1,500 | 360 | 60% | 800
[ il-a | 4200 | 900 | 60% | 100
11-b 7.000 | 1,500 100% | 10
5.600 | 1,200| 80% | S0
4,200 | 900 § 60% | 800

It was found that the fatigue loads
reduced 15t and 2"d Mode frequencies an
average of 1.2% and the thermal cycling
reduced frequencies an additional 0.5%. This
loss in stiffness could be due to a combination of
PZT and matrix cracking, fiber breakage and
end fitting bond deterioration. Capacitance of
actuators and sensors was found to degrade an
average of 1% due to the fatigue loads, and an
additional 1% due to thermal cycling.

D-9

Actuator/sensor feedforward is a
measure of the actuator's ability to transfer
load to the composite and of the ability of the
sensor to produce a charge proportional to
laminate deformation. The first three fatigue
loading schedules were found to actually
enhance actuator/sensor feedforward by 1-10%
in all cases. Perhaps this is due to degraded
stiffness of the laminate being pushed upon.
Schedule Il-b, which was the only one
producing strains at 1,500 p-¢, caused a
deterioration of at least 12% in feedforward.
Thermal cycling was found to be universally
damaging to feedforward, degrading
actuator/sensor transmissibility an additional
10-30% over that caused by mechanical fatigue
loads.

In summary, we feel that repeated
tensile mechanical loads on active graphite
members is probably not a concern if strain is
kept below 1,500 u-¢, and compressive loads
are of almost no concern. Repeated thermal
excursions over a wide range may cause an
accumulation of damage, which warrants
further investigation for space structures subject
to thousands of cycles over a lifetime.

32 Thermal Testing: Capacitance and
dynamic transfer functions between actuator
and sensor were measured in a thermal
chamber at the completion of the thermal
cycle testing.

Capacitance of the embedded sensors
and actuators was found to correlate very well
with published vendor data. Figure 5 shows a
plot of normalized actuator capacitance for
Type 1 and Il struts, along with normalized
vendor dielectric constant data. It is apparent
that embedding the PZTs does not have a
significant effect on thermal variations in
dielectric performance. The Type 1 ceramic
appears to have a substantially lower
temperature sensitivity, especially in the
range 250°C.

Invariance of the transfer functions
over the operating temperature range is
important to maintain active damping
performance, and stability margins of the
closed loop system. Figure 6 shows strut I'-a’s
nearly colocated sensor transfer function
measured with a charge amplifier at the
temnperature extremes. The two curves are
shifted vertically slightly with respect to
each other, indicative of changes in
feedforward gain. The second mode at +100° C
shows passive damping due to softening at
high temperature of the fiberglass support
stand. The similarity in transfer functions




means that a suitably designed damping
controller could operate without change over
the temperature range. Figure 7 shows a
comparison of feedforward gain from actuator
to sensor for Navy Type | and II validation
struts, using both voltage followers (VF) and
charge amplifiers (CA). Type 1 appears to be
slightly less temperature sensitive than Type
II. The charge amplificrs give universally
better performance than voltage followers. For
a charge amp the sensor/actuator gain term is
proportional to the material constants (Ej

d31)2, and for a voltage follower gain is

proportional to (E1 d31 Y/D, where D is the
dielectric coefficient. The non-appearance of
dielectric constant in gain is believed to result
in better temperature performance of the
charge amp. It was also found that the charge
amp was not sensitive to shorts which
sometime developed on the sensors, since the
charge amp removes strain-induced charge
from the sensor before the short can bleed it off.

The material constant E1d3j is seen to
be a figure of merit for both sensing and
actuation.

FRE DY NCY RESPONSY (d)

.=13308

FRENUENCY ¥ SPONSE (48)

"

Figure 5. Nearly Colocated Sensor Transfer
Functions for Strut lla Using Charge Amp.
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Figure 6. Variation of Actuator Capacitance for
Struts I-b and Il-a Compared to Vendor
Dielectric Data (courtesy Vernitron).
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Figure 7. Variation of Feedforward from
Actuator to Colocated Sensor for Struts I-b and
Il-a, Using Charge Amps and Voltage
Followers.
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Developments in Piezoelectric Applications of
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111-119, Gordon and Breach, 1976.
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1 SCOPE

1.1 Scope

This specification establishes the requirements for thin (less .
than 20 mil thickness) lead zirconate titanate (PZT) piezoelectric
wafers for use as actuators and sensors embedded in or bonded onto

composite structures. Maximum encapsulation processing temperature
is 180 C. Service temperature range is +,- 125 C.

1.2 Classification

The requirements provide for use of piezoelectric ceramic
Co. bositions specified as follows:

Navy Type I- "Hard" piezoelectric lead zirconate
titanate ceramic composition

Navy Type II- "Soft" piezoelectric lead zirconate
titanate ceramic composition

2 APPLICABLE DOCUMENTS
The following documents form a part of this specification to the
extent specified herein. Unless otherwise indicated, the issue
in effect on the date of procurement placement shall apply.
Later issues of these documents may be used at the option of the
supplier providing no degradation of the product ensues.
Mandatory use of later documents shall be negotiated between the
buyer and the supplier.
SPECIFICATIONS

TRW Space and Defense Sector
STANDARDS

Military
Mil standard Specification of DOD Spec 1376A

Drawings

3 REQUIREMENTS
3.1 Electrode

Outer electrode composition is to be nickel deposited with a
nominal thickness of 0.0002", Silver can be utilized between the
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PZT substrate and the nickel coating.

Electrode placement is to be negotiated with supplier during
ordering. Positive polarity is to be clearly identified on

each part.

3.2 Poling and Poling Date

The positive electrode is to be marked on each wafer with a round

dot or a plus "+". Poling date for each lot of material is to be
indicated on the packing slip and on the packing container.

3.3 Dimensional Tolerances
3.3.1 Warpage/flatness

Waviness- Some manufacturing processes can result in a
waviness or ruffled part. Unacceptable.

Flatness~ A loaded flatness without cracking is acceptable.
Apply weight to impart a 1-2 psi loading evenly over the
surface of the PZT coupon.

3.3.2 Thickness

Thickness is to measure within +,- 10% of nominal. Thickness meas-
urement is to be taken after electroding.

3.3.3 Length and Width
Length and width should measure within +,- .020".

3.4 Electrical Properties
3.4.1 Capacitance

Capacitance (C) is a function of thickness, surface area, and P2T
composition/manufacturing process. Nominal capacitance is computed

from the formula: T
cm - K”EoAjt

where K'a5 is the nominal dielectric constant, E, is the permit-
tivity oF’free space, A is the nominal area, and t is the nominal
thickness. Measured capacitance of each wafer should be within
5% of the mean for the lot. Mean capacitance of the wafers in

the lot is to be within 5% of the nominal capacitance.

E
3.4.2 Lateral Stress Output Coefficient, V,,ds;
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E
The quantity, Y1403y, is a measure of the lateral stress output per
unit applied field. 'This quantity, defined here as lateral stress
output coefficient, is an indicator of the ability to actuate upon ®
stiff substrate materials. The stress output coefficient is also
a measure of charge generated per unit area for applied lateral
strain. In this form it is an indicator of ability to sense lateral
strains of a substrate material when measured by a charge amplifier.

The nominal value of the lateral stress output coefficient is to be ®
greater than 10 Newtons per volt-meter, regardless of composition.

3.4.3 Planar Coupling Factor, Kp

The planar coupling factor, , is a measure of the ability to trans-
form electrical energy into lateral strain energy. It is strongly
correlated with the lateral stress output coefficient defined in secti@®
3.4.2 and is easily measured. The nominal value of Kp at room
temperature should be 0.550 or greater, regardless of composition.
Variation of nominal Kp over the temperature range +,- 125 C is to

fall within +,- 10% of"the room temperature value.

4 Quality Assurance ®
4.1 Acceptance

The supplier shall certify that each PZT shipped for acceptance
conforms to the requirements of this specification and that all
fabrication was accomplished in accordance with procedures, in-
spections, and other controls found acceptable at the time L ]
of qualification. Records of inspections, tests and other

controls shall be available for examination by TRW for a period

of one year.

4.2 Responsibility for Acceptance Testing ®
The supplier shall be responsible for the performance of all

acceptance tests and inspections, and in process inspections
specified herein.

4.3 Test Methods ®
Test method and sample size should be clearly identified.

5 PREPARATION FOR DELIVERY

5.1 Packaging ®

PZT ceramics are fragile and should be packaged in a manner

that does not load the ceramic during shipment.

Each container is to be marked with the poling date of the °
®




PZT ceramic along with its brand identification.

5.2 Marking
5.2.1 Individual

The positive pole of each PZT coupon is to be clearly marked with
water-proof ink.

5.2.2 Shipping Items

Each shipping container shall be permanently and legibly marked
with the following information which shall be visible without
opening the container: -

Part Number/Size

Material identification

Per this Specification Number
Type designation

Quantity

Electrode Material

Poling Date

Purchase Order Number
Manufacturerxr

D-15
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ACTIVE MEMBER VIBRATION CONTROL FOR A 4 METER PRIMARY
REFLECTOR SUPPORT STRUCTURE

J. W. Umland” and G-S. Chen”
Jet Propuision Laboratory
California Institute of Technology
Pasadena. Catifonia 91109

Abstract

The design and testing of a new low voltage
piezoelectric active member with integrated load cell and
displacement sensor is described. This active member is
intended for micron level vibration and structural shape
control of the Precision Segmented Reflector test-bed. The
test-bed is an erectable 4 meter diameter backup support
truss for a 2.4 meter focal length parabolic reflector. Active
damping of the test-bed is then demonstrated using the
newly developed active members. The control technique
used is referred to as bridge feedback. With this technique
the internal sensors are used in a local feedback loop to
maich the active member’s input impedance to the szucture’s
load impedance, which then maximizes vibrational energy
dissipation. The active damping effectiveness is then
evaluated from closed lcop frequency responses.

L Introduction

One major element of future space-borne astronomical
installations will be a structural system with strict
dimensional accuracy requirements. In the case of a
diffraction limited telescope, the wavefront error will be on
the order of A/10, where A represents the wavelength of
interest. Based on this wavefront error, the surface error will
de A/20. Given a surface error budget of /20,
approximately ninety percent of the surface error is allocated
to the primary reflector. Therefore, the primary reflector’s
rms surface accuracy must be kept to within a fraction of the
obderving wavelength (e.g.. 1/20 - 1/25) during the
observing period. Therefore, for an infrared astronomy
application, the structural accuracy requirements are on the
order of a micron. Vibration arising from transient dynamic
dismurbances generated from on-board equipment or telescope
operation is one potential source of reduced structural
accuracy, and hence telescope performance.

At the Jet Propuision Laboratory (JPL), the Precision
Segmented Reflector (PSR) program has investigated an
active structure approach to mechanical vibration
suppression. The active structure uniqueness involves the
use of structural components in which actuator, sensors and
feedback control are integrated into an active member.
Using this approach, previous investigations at JPL have

*AIAA Member,
Dynamics Research Laboratory,
Applied Mechanics Technologies Section.

successfully demonstrated an active damping concept for
both a beam-like truss structure!, and a more compiex truss
structure2. This technique has been shown to effectively
damp structures that are truly free-free>, as well as those that
are rigidly? or softly auached to ground!. The active
damping augmentation consists of maximizing vibration
damping by matching the active member impedance to the
structure's impedance.

The present paper extends these studies to a 4-meter
diameter primary support structure of a 2.4 meter focal
length parabolic segmented reflector. The abjective of this
work is 1o demonstrate active damping on this test-bed. The
design and testing of an active member which udlizes 2 low
voltage piezoelectric actuator, an integrated force sensor, and
a simplified elastic deflection sensing scheme is described.
Experiments are then performed to evaluate both the new
active member, and the effectiveness of the conmol strategy.
The active damping performance is evaluated by comparing
the closed loop response to the open loop response.
Damping performance is demonstrated using: (1) an
individual active member and, (2) two active members
operating simultaneously.

2 Iest-bed Structure

The dynamic test-bed, shown in figure |, is made of
flight-like hardware consisting of 150 graphite/epoxy truss
members and 300 erectable aluminum joints. The toual
weight of the structure is 86.4 kg. This structure was
designed and fabricated at NASA's LaRC*. The geomegy of
this highly redundant construction is drivea by the locauon
of the nodes on the upper surface, which are determined
based on the desired reflector panel locations. The nodes on
the upper surface are then connected by members of the
required length. The lower surface nodes are located by
forming a tripod of equal length members whose base is
determined by three adjacent nodes on the upper surface. The
lower surface is then formed by connecting the nodes with
members of suitable length. The stiffness of an individual
core member is 19.5N/um. The stiffness of the upper and
lower surface members will vary according 0 member
length. For the purposes of this investigation the structure
is rigidly fixed at the three central nodes of the lower surface.
A 1130 kg steel block is used as ground during tesung.

Copyright © 1992 by the Americacn Institute of Aeronautics and Astornautics, Inc. All rights reserved.
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Figure 1: PSR TB structure

The souctmre’s dynamic characteristics are detailed in
table 1. Note that the first three modes can be described as a
relative shearing of the upper surface with respect to the
lower surface. The fourth mode is described as a breathing
mode. As the aspect ratio, relating the support stucture's
diameter to thickness, is increased, as would be the case for
the Large Deployable Reflector (LDR), these breathing
modes would become more predominate. Therefore, it is
desirable at the current test-bed phase of the PSR program to
demonstrate an ability to control this type of mode.

Table 1: Test-bed dvnamic characteristics.

Freq. (Hz) | Damping
Mode | LaRC | Freq.(Hz) | Rado %
No. Data4 JPL Data | JPL Data | Description
1 4.5 325 0.9 x Rocking
R ad
Shearing
2 35.6 334 0.9 y Rocking
and
Shearing
3 519 423 0.7 Twisting
4 573 56.0 18 Twisting
axd
Shearing
S 78.1 75.8 33 Istz
Breathing
6 96.6 934 1.1 z Saddle
7 97.3 97.6 1.5 z Saddle
L Active Member Mechanical Design and
D "
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Figure 2: Erectable active damping member.

Two active members, whose major components
consist of an integrated piezoelectric actuator and load
sensor, a displacement sensor, and erectable joints, were
fabricated, see figure 2. A detailed assembly drawing of the
member is shown in figure 3. While these new active
members are similar to those used in previous

_investigations>-6, there are significant differences, namely:

(1) a low voltage piezoelectric material is used, (2) the load
sensor is integrated inwo the same package as the motor, and
(3) the displacement sensing scheme is simplified.

The design challenge undertaken here was: to produce
an active member whose performance was equal 1o or better
than previous designs, was simpier, and placed less swringent
requirements on external components. In the previous active
member designs, a high voltage piezoelectric material was
used. This actuator material produces a 63 micrc..
displacement when 1000 V is applied. The £31 micron
operational dynamic range of these actuators was achieved by
applying +500V with a SO0V bias voltage. Here, a low
voltage piezoelectric material was chosen such that the

i range of the actuator was reduced 0 =75V with a
75V bias voitage.

In both of the previous designs the piczoelectric stack
was pre-loaded by a pre-load spring, such that the ceramic
material never experienced 4 tensile stress. The more recent
active member designS, used a pre-load spring and parallel
motion flexures to eliminate the 'stiction’ observed in the
active memberS pre-loaded with a Belleville washer.
Furthermore, crossblade flexures were incorporated into the

PARALLEL MOTION
FLEXURE

CROSS BLADE
FLEXURE

SENSOR

PZT ACTUATOR/
LOAD SENSOR

PRELOAD
SPRING

DISPLACEMENT
SENSOR

Figure 3: Assembly drawing of active member.




Load Sensor
wafer

Zlectrical insulation

70 mm

. \_Ac:uator
wafers--

Stainless Steel
Enag Caos

Figure 4: PZT stack drawing.

active member design$, to isolate the actuator stack from
bending moments. The flexure and preload spring design of
the JPL active memberd is also incorporated into this
design.

The design of the piezoelectric stack is shown in
detail in figure 4. The actuator is built up by stacking
wafers 16mm in diameter and 0.8mm thick. The wafers are
bonded together with an electrode placed between each wafer.
The electrodes are wired in parallel, such that the voltage
applied across an individual wafer produces an electric field
in the appropriate direction for the wafer. The underiying
mechanism of the piezoelectric actuator relies on the
elecrromechanical coupling of the piezoelectric material. In
other words, when an electric field is applied to the
piezoelectric matenial a mechanical strain related to the fieid
4s created. This relationship tends to be nonlinear, and

hysteretic.

Included in the same package as the motor is a single
wafer of piezoelectric material that is used as a load sensor.
The same piezoelectric material that is used for the actuator
portion of the stack is used for the load cell. This wafer is
electrically insulated from the actuator wafers. The
operation of the load sensor relies on the converse of the
piezoelectric effect, i. e. when a pressure is applied w0 the
piezoelectric matenal an electric charge is produced across
the material.

The parameters of the piezoelectric stack are listed in
able 2. Note, that as expected the stack open circuited
stiffness is 55% greater than the short circuited stiffness. It
is generally expected that a PZT is roughly twice as suff
open circuited as shont circuited®.  Finally, stainless steel
caps are bonded (o the end of the stack, and RTV insuladon
is used on the outer surface,

Table 2: Piezoelectric stack parameters.

PZT waler diameter (mfg data) 16mm
PZT wafer thickness (mfg data) 0.8mm
Number of PZT wafers in acniator 66
(mfg data)
Number of PZT wafers in load sensor 1
(mfg data)
£33 (mfg data) 0.023 Vm/N
d33 (mfg dam) 530 pCNN
¢ dielectric constant (mfg data) 2600 F/m
Stiffness, short circuit 64 N/um
Stuffness, open circuit 99 N/um
Capacitance, actuator 22 uF
3.5 nF

Capacitance. load cell

The displacement transducer is the same as used
previously: a Kaman-7200 eddy current proximity sensor.
In the previous designs®-6, the motion sensor was referenced
to the fixed end of the active member by a reference rod.
The actuator stack was annular, so that the reference rod
could be passed through. A different displacement
measuring scheme was used here, where the motion sensor
was mounted directly to the active member casing. The
casing of the member is not in the load path, i. e. it does
not deflect elastcally, thus leaving the motion sensor fixed
relative to the dead end (left end in figure 3) of the member.
The motion sensor target is mounted on a2 yoke, which is an
integral portion of the active member output stem.

The cross-blade flexure located at the live end (right
end of figure 3) of the active member is an integral portion
of the output stem. The live end of the assembly is
supported laterally by a parallel motion flexure which
consists of a pair of wide blade flexures. The cross-blade
flexure, piezoceramic stack, and output stem are placed into
the active member casing and beid in place with an end cap.
The end cap is mated to the active member casing by a lens-
type screw thread. The desired compressive preload on the
actuator assembly is then applied by a preiocad spring and
nut.

A 140 1b compressive preload is applied to the acuve
member by using an Instron machine. The preload nut is
screwed inw the active member end cap, such that it does
not contact the preload spring. The assembly is then placed
into the Insron machine. End fittings and ball bearings are
used at both ends of the active member such that bending
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moments are not applied. The active member is then
compressively loaded uatil the Instron machine load cell
indicates 140 Ib has been applied. The preload nut is slowly
tightened until the load cell reading just begins to drop.
This indicates that the preload nut has just contacted the
preload spring, and that the load on the Insoon machine is
being relieved. The external load is removed, and the active
member assembly is completed.

T, d.Active Member Characterjzation and
Calibrati

The effectiveness of the active member, and the low
voltage material can be evaluated based on a series of
experiments. First, the active member sensors are
galibrated. Secondly, the effective piezoelectric field relation
of the active member is evaluated. The active member
stiffness is measured. ~-

For all tests where the actuator was driven, a Burieigh
PZ-150 power amplifier was used. Unless it is otherwise
indicated all the data was acquired using a Tektronix 2630
4-channel Fourier analyzer.

The internal eddy current displacement sensor was
calibrated once the active member was completely
assembied. A Schaeviz LB-375 Linear Variable Differential
Transformer (LVDT) was used as the reference measurement.
The active member was fixtured such that it was horizontal,
and its dead end was fixed. At the live end of the member
the LVDT was brought into contact with the member. The
LVDT was adjusted so that its axis was parallel to that of
the active member. The internal displacement sensor was
calibrated dynamicaily by driving the actuator with a 1Hz
sinusoidal voltage. The signals from both the internal and
external displacement sensors were then recorded
simultaneously. The sensitivity of the internal displacement
sensors were then determined 10 be 25.3um/V. The eddy

surrent displacement transducer displayed zero hysteresis
widt respect to the LVDT.

Ll.2 Laad Cell Calibration

The internal load cell was calibrated before the active
nember was assembied. An Instrum 2606 charge amplifier
vas used as the signal conditioning for the load cell. This
MrgeamphﬁastCcowledmasecondaderhIghpm
nl:eru;a(;;asaau-offﬁeqmyofos Hz, and a damping
ato o

The first calibration technique used is the standard
>ad cell calibration method utilized by the JPL
1strumentation section. The data was acquired using a
igiuzing voitmeter and transferred w a computer system for
rint out. The sysiem wumuemdmaunaﬂybyremwng

jumper, thus enabling data acquisition. The ioad cell was
Uibrated by aligning the integrated stack vertically, and
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Figure §: Dead weight load cell calibration curve.

applying a known dead weight load. Sufficient time was
allowed to pass, such that the signal produced from the
system was zero. The system was riggered, the dead weight
was quickly removed and the resulting signal was recorded.
The load cell sees the removal of the dead weight as an
effective tensile load, and the peak value is correlated to the
load removed. Unfonunately, for this system the AC
coupling is relatively fast and this technique produces
significant scatter in the resuits, see figure 5.

) The load cell was also calibrated with an impact
hammer. The stack was placed vertically on a rigid base,
and the free end of the stack was tapped with a Dytran 4122
impact hammer. The signals from both the impact hammer,
and the charge amplifier were then acquired with a Fourier
analyzer and an averaged transfer function was calculated, see
figure 6. The sensitivity of the load cell was then calculated
based on the magnitude of the flat portion of the frequency
response, from approximately 10 to 100 Hz. The effects of
the electronic AC coupling are evident at low frequency,
where it is observed that there is some amplification, and

phase lead.
4.2.1 Hysteresis

The displacements produced by a 1 Hz sinusoidai
voltage input to the actuator are shown in figure 7. As

(Oep) ssung

Wagniude (dB)

Figure 6: Dynamic load cell calibration.
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Figure 7: Active member hysteresis.

expected the actuator displays some hysteresis. The piot in
figure 6 shows four different hysteresis loops due to four
different input voitages. A measure of the hysteresis present
in each loop is defined as the aspect ratio of the loop. The
aspect ratio of the loop is the maximum loop displacement
width divided by the peak to peak displacement. The percent
hysteresis present in the four loops is 8.8%, 102%, 11.3%,
and 10.9%. These hysteresis values are stated in order of
increasing peak to peak displacement. The hysteresis shown
here is a reflection of the lossy dielectric coefficient of the
PZT.

A nonlinearity, such as hysteresis, in an acwmator can
tend to be detrimencal to the actuator's performance. For
example, if the actuator is 10 be used as a displacement
driver a control system that will eliminate the nonlinearity
may be required for accurate and repeatable operation. In
other words the hysteresis can produce residual dispiacements
at DC.

422 Gain

The fundamental field strain relation of the PZT is
also indicated in figure 7. That is, for a voltage applied 0
the piezoelectric material a proportional strain is induced.
For larger peak 10 peak displacements the slope of the
hysteresis loop increases. This implies that the material's
piczoelectric coefficient increases with increasing
displacement. An actuator gain can be defined as the ratio of
the peak-to-peak displacement to the peak-0-peak applied
voitage. The actuator gain has been caiculated for the
hysteresis loops of figure 7, as well as for several other
driving frequencies. These resuits are indicated in figure 8.
This data shows that the PZT gain increases with increasing
ampiinude, and decreases with increasing driving frequency.

The behavior of the PZT gain increasing with
increasing displacement is somewhat analogous to a friction
coefficient versus sliding velocity curve with a negative
slope. In the case of the friction versus velocity curve, the
faster the motion the less resistance there is to that motion.
These two cases are analogous in the sense that they both
have a desubilizing influence. The difficuity with an
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Figure 8: Active member gain.

increasing gain, is that for congrol design an increase in gain
reduces the stability margin.

An aging effect was also observed. The gain
measurements were measured three separate times, fora 1 Hz
sinusoidal input. A noticeable decrease in gain over time
was observed, see figure 9. This can be detrimental
control system performance over time, since the system will
tend to detune itself,

£.2.3 Step Response

A series of step response tests were performed on the
active member. The step response shown in figure 10 is the
displacement response of the active member given a 115
Volt step input. This plot shows the quick response
capability of the PZT material along with its long term
creep. There is some initial oscillation due the imperfect
step produced by the function generator. The response
reaches 95% of its final value due to the initial motion of
the actuator. Approximately 25 seconds are required for the
response to reach its final value. Qualitatively, this
behavior was observed for the 33 micron response of figure
10, and for step responses down to 2 microns.

e o —————
100 : ]uonzi‘——‘: — T
g 280
&
s 260
-
Q

Figure 9: Active member gain aging.
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Figure 10: Active step response.

4.3 Active Member Stiffness
The active member stiffness was measured using the
Instron machine and the same fixwring that was used during
assembly. This test is static in nature, therefore the active
member's AC coupled internal load cell is not used. Rather,
the Instron machine load cell is used 10 measure the applied
force. The internal displacement sensor is used to measure
the resulting deflection. The average open circuit active
member stiffness is 44.1 Njum, and the average short circuit
stiffness is 39.8 N/jum. The stiffness of the active member
is different from the stiffness of the PZT stack because the
stiffness of the crossblade flexures is in series with the

stack. The preload spring is then in parallel with the
stiffness of the PZT stack and flexures.

<. Active Damping Augmentation

The damping augmentation concept used, is described
in this section. First the feedback control strategy and gain

“adjustment is summarized, then the active member

placement probiem is considered.
5] Ecedback Control Law

The feedback control strategy used in this experiment
is referred to as bridge feedback!, where the active member's
force and relative velocity signals are fed back locally. This
control strategy is summarized in the block diagram shown
in figure 11. The advantage of using bridge feedback is that
the desired loop gain function and the active member's input
impedance function are implemented without adverse
interaction and conflicting requirements. This control
strategy is then implemented as an analog circuit.

The gain tuning strategy used here is as follows.
First the load impedance function is measured. This is done
by driving the sgucture with the active member actuator, and
measuring the transfer function between the displacement
sensor and the load cell. This transfer function is then
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numerically differentiated o give an impedance. This
impedance will be highly frequency dependent due to the
dynamics of the sucture. Secondly the open loop active
member input impedance is measured. This is done by
measuring the same transfer function as above, but with the
structure being driven by an external disturbance. Typicaily,
the active member open loop input impedance wiil be not
frequency dependent and is usually an order of magnitude less
than the average valuye of the load impedance. Although, the
active member impedance will have a posiave siope since an
open loop active member is essentially a passive spring.
This implies that the active member is stiffer than the
structure. The feedback paths are then closed and the active
member impedance is again measured. The feedback gains
are adjusted unul the active member impedance is
approximately equal 10 the average value of the load
impedance. The active member is eiectronically softened by
this procedure.

.2 AStive Member Placement

An objective of this study is to demonstrate the
ability to control the test-bed's first four modes. Since only
two active member were available, it was decided to perform
separate tests to control individually targeted modes. Given
the small number of actators and the experimental scenario,
the active member placement is relatively straightforward.
Based on engineering judgement it was decided to replace the
two structural members that saw the highest percentage
strain for the mode of interest with the active members.
Since this is a souctre with clamped boundary conditions,
it was intitively expected that the struts with high strain
energy would be near the mounting points. Using this
rationale the active member locations were chosen, and are
shown in figure 12. Note, for each of the chosen locations
one end of the active member is attached o ground.
Secondly, the active member placement for the third mode is
on the lower surface rather than at one of the core member
locations, as is the case for modes one, two, and four.

PERFORMANCE
PLANT ‘ MEASURES
(STRUCTURE) 22222222225 7/
DISPLACEMENT LOAD /
ACTUATOR // A é CELL
4 7
ACTIVE MEVBERZ |
ELASTIC INTEANAL
DEFORMATION FORCE
AMPUIFIE
)
COMPENSATOR |

Figure 11: Bridge feedback control block diagram.



Figure 12: Active member placement.

6. Experimental Results

The test-bed structure was instrumented with twelve

Sundstrand QA- 1400 servo accelerometers, grouped into four
triaxial sets. The accelerometers were AC coupled such that

the constant acceleration due to gravity was removed from
the vertcally mounted accelerometers. The accelerometers
were placed at four of the test-bed structure's upper surface
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Figure 13: Experimental setup.
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outer corners, as shown in figure 13. Dead weights were
placed at the remaining two upper surface outside comers ©
simulate the mass of an accelerometer set. A mini-shaker
was used as an external dismrbance source.

6.1 Test Procedure

All test data was taken in the form of transfer
functions generated by a broadband random input signal.
The active members were placed in the sgucture and the
gains tuned according the technique described above.
Transfer functions of the accelerometer response to the input

force were taken with the active damping disabled. i. ¢. open
loop. and enabied, i. e. closed loop.

8.2 Test Results

Inidally, open loop response tests were performed on
each feedback channel. Transfer functions were measured
between the compensator inputs and the active member
intemal sensors. A negative stability margin was observed
at approximately 2kHz on the force feedback loop given
only modest gain levels. Normally, force feedback of an
active member has 180 degrees of phase margin?. The
negative stability margin was caused by the combinauon of
three factors. First, the compensator rolls off at -tdB/octave
with a phase change of approximately -30 degrees.
Secondly, the power amplifier coupled with the capacitance
of the actuator act as a second order system whose natural
frequency is 900Hz and damping ratio is 0.7. The amplifier
and actuator system produce a2 180 degree phase change at
2 kHz. Finally, the active member intemnal force ransducer
observes an axial resonance at 2 kHz that has a high
dynamic amplification. It is because of this axiai resonance
that a negative gain margin is observed.
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Figure 14: Active member and structure impedances.
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This problem wasolved by using an external load
cell mounted at the tp of the active member. The load cell
used is a PCB 208A02 +100 Ib load cell.

An example of the active member impedance
matching to the load impedance is shown in figure 14. An
active member was located at location number 73 which is
on the lower surface of the structure  provide damping to
the torsional mode. As expected, the load impedance,
denoted in the figure as Zp 73, is frequency dependent,
representing the dynamics of the suuctre. The open loop
acuve member impedance, denoted as Z73 open loops iS
roughly an order of magnitude less than the average value of
the load impedance. Additionally, the active member
impedance is gradually increasing with frequency. This
indicates that the open loop active member is effectively a
spring that is stiffer than the soucture. The tuned closed
loop active member impedance, denoted as Z73 ciosed loop
in figure 14, is approximately equal to the average value of
the load impedance. The closed loop feedback gains were
wned via the procedure oudined above. The procedure takes
only a few iterations until the active member impedance is
"optimally” tned.

The transfer functions shown in figure 15, show the

Figure 16: Open and closed locp strusture freqocucy
response functions using 2 active members.

accelerometer response at node 1313X due 10 an external
driving force at node 210XY. In figure 15, the open loop
response is compared to the closed loop response for one
active member placed in the sgucture. The first twisting
mode response amplitude, at 42Hz, is reduced by a factor of
3. while the amplitudes of the other modes shown remain
relatively unchanged. A modal curve fitting technique was
used t0 the modal nawral frequencies and damping ratios.
The damping ratio for the first torsional mode is improved
from 0.7%, 10 2.0%. Also note, that the frequency for this
mode has reduced slighudy, from 42.1 Hz w 41.6 Hz.
Similarly, a comparison of the structures open and closed
loop response using two active members is shown in figure
16. Here the response of the first torsional mode is reduced
by a factor of 6. The damping ratio for this mode is
increased from 0.7% to 5.2%. while the frequency has
dropped from 42.1 Hz 10 40.1 Hz.

The active members were then used 10 replace core
members of the swucture. The actuator placed to provide
damping to the first two modes. Time domain data was
acquired by performing a so called "twang” test. The TB
was given a static deflection by hanging a 10 Ib dead weight
from node 210. The TB was then excited by suddenly
cutting the string that held the weight, thereby imparting a
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Figure 15: Open and closed loop structure frequency
response functions using 1 active member.
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Figure 17: Time domain response, 2 active members
placed in the TB care, control off.
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Figure 18: Time domain response, 2 active members
Jlaced in the TB core, control on.

step change in applied load. The open and closed loop
acceleration response at node 1313 in the z direction is
shown in figures 17 and 18, respectively. Note that with
the contol off, the response clearly shows a low frequency
mode of approximately 32 Hz. It is also evident, because of
the beating phenomenon, that there is a second mode that is
of roughly the same frequency. These two modes are the
TB's x and y rocking modes. The TB's seuling time with
the control turned off is greater than two seconds. When the
control is turned on the seutling time is less than a half a
second and the low frequency modes are no longer evident.

ZSummary

In this paper the design and testing of a new low
voltage acuve member was described. The maximum sooke
of this active member was measured 10 be 45 microns,
which is more than adequate for vibration damping
applications in precision structures. The internal
displacement sensing functioned as expected. The internal
Jorce sensor displayed an active member axial resonance that
had a very high dynamic amplificadon. This resonance led
o a closed loop stability problem. This problem was
resolved by using an external load cell. The nature of the
active member axial resonance, and compensating for it is a
subject for future work.

Active modal damping was successfully demonstrated
on a realistic dynamic test-bed. The low voitage active
member, using only collocated force and displacement
measurements, was dymically softened by electronic
feedback such that its impedance matched the load
impedance. Thebeneﬁ(ohmpedancemhmgxs that the
vibrauonal energy dnssxpanm is maximized. The advamage
of bridge feedback control, given the large stability ‘margins
normally associated with force feedback, is that it is robust
with respect o0 the uncerainty of the stucture's dynamic
charactensucs.
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Workshop on Advanced Piezoelectric Actuator materials for
Space Applications, Arlington, VA ; Februarary 25, 1992

APPLICATION OF PIEZOELECTRIC MATERIALS
TO MECHANICAL RESPONSE CONTROL

Vijay K. Varadan and Vasundara V. Varadan

Alumni Distinguished Professors of Engineering
Center for the Engineering of Electronic and
Acoustic Materials

Pennsylvania State University, University Park, Pa
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@ TAPE CASTING

SOL-GEL
PREPARATION
ULTRA-PURE
POWDER |
= GRAIN SIZE &PE_R{LV,*
SLURRY
PREPARATION
(BALL MILL) VISOOSITY &
— CONSISTENCY
THICKNESS & o
TAPE CASTING MECHANICAL, =]
ANDCUTTING | AND DIELECTRIC E
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METALIZATION
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PRESSING
AND FIRING
PERFORMANCE
TESTING
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FINISHED
CERAMIC
PRODUCT
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Starting powders

Y

Mix powders
and binders

‘ Tape Electrode Lamination

Cast tape

v

Cut

Screen print
electrodes

Burn out

1 hou
binder Temperature profile 1450 C

Y

Sinter Binder bum out
| 3 days
Terminate
‘ Mw 40 - 45 min.

Attach leads

Y

Encapsulate
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Figure 1: Setup for the Microwave Repair System

‘MICROWAVE REPAIR - SYSTEM FOR
ADVANCED COMPOSITES:

.2
D E F G
P sm—
C
i
. [ B I ——.\ J
H

A

Aeeee. D.C. Supply Source
Booorerene 110 V A.C. Supply
C...... ..Power-Supply-

D.cceens Microwave-Power Generator
E.........Farrite lsolator

F..........Forward / Raflected Power Indicator
G......... Funer

H.......... Variable-Coupling Iris

l....... .-Applicator
N IO Material Under Process/Repair
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CURING SYSTEM
CONTROL COMPUTER

STACKED PREPREG

SINGNAL PROCESSOR

SINGLE OR MULTI-MODE
MICROWAVE CAVITY
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Portabl licator

Large Area Joining

Advantages: ® Large Area Processing

® Product Dissassembly
® High Safety Constraints

Microwave Source

Bar to
Raise and
Lower Wheels

NOTE:
Aperture is similar

to previous
Aperture Applicator

Movable Safety Mesh

Safety Devices: Movable Wheels for good sheet contact
Surrounding Mesh Protector

Automatic Shut-off when lifted from surface
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r A o
Strip Joining

Advantages: ® High Field Concentration
@ Fast Heating Rate
® Easy Material Handling

Taper Applicator with Supporting Equipment

Magnetron

Waveguide

e ————

Exponential

Transition
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— Power Control ‘———& IR Sensor ®

Water Load

Sheets / Laminates
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Conveyer Belt ——
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Travelling-Wave Applicator |

Microwave Power

To Water Load

Microwave Heating and Joining/Scaling of Sheets / Laminates
Smart Skin
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APPENDIX E

HIGH STRAIN ACTUATORS




HIGH STRAIN ACTUATORS
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SOLID STATE ACTUATORS

TYPE OF ACTUATOR NATURE OF THE PHENOMENA
TRANSDUCTION EXPLOITED,
Shape Memory Alloys Thermo-Mechanical Ferroelastic
Phase Change.
Piezoelectric Electro-Mechanical Ferroelectricity
Opto-Electro-Mechanic in a poled
ceramic or
polymer.
Electrostriction Electro-Mechanical Incipient
Ferroelectricity
in a spin glass.
Contracti'e Polymers Chemo-Mechanical Differs in
Electro-Mechanical different types.
Thermo-Mechanical
Opto-Mechanical

Muscle

Electro-Mechanical

E-2
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INDUCED POLARIZATION INCREASING

POLARIZATION CHANGE MECHANISMS USED TO CONTROL |

(a)

e (b)

o (c)

(d)

(e)

(n

ELECTROSTRICTIVE STRRIN.

Homogeneous polarization of a Paraelectric Phase \

E=0 P=0 vP2=0 PaE.
Stable zero strain state.

Induced polarization in a Relasor ferroelectric

Comn.nr\.-lﬂ‘\
E=D0 P=0 ﬁfﬂ PatE E\¢sﬂbtﬁtb;'f.

Stable 2ero strain state.

Induced Polarization change in Poled Ceramic

Convauliena\ ‘
E=0 F-PR \/Pi-ind:o PindaE. R““\.‘v‘b‘ §

Unstable zero strain state (Rging change of Pp).

Micro => Macrodomain Poled Relaxor

E=0 P=0 vP240 PusE Hysteretic
Stable zero strain state

Field forced Phase Change

E=0 P=0 \/P;E- 0 P usE Double Hysteretic
Stable or unstable depending on system

Field Forced Domain Change

E=0 P=0 P240 PuSE Hysteretic
Unstable zero strain state
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THINKING BEHIND THE STUDY

The useable phenomena in the electrical control of the dimensions of an

irsulating solid are piezoelectricity and glectrostriction.

Xij = sijkiXid + bm iiPm + QmnijPmPn

where x;;  are the components of the strain tensor

1)

3)

4)

Xx1 are components of the stress tensor

PP, are components of electric polarization

Sijii  the elastic compliances

bmij the polarization related piezoelectric constants
Qmnij the polarization related electrostriction constants

No know solid has high enough values of by;j, Qmnij to permit the inducton
by external field of Py, Py, values sufficient to generate 1% strain.

In ferroelectric crystals values of spontaneous polarization P are large
enough to give spontaneous strains up to 15%.

We must therefore either
a. explore phase changes which take us from a non-polar into a ferroelectric
state P=Oto P =P

b. explore domain changes in ferroelectric crystals which reorient the
spontanenus strain.

From equation | if P, P, are homogeneous throughout the solid large values
of strain x;; may be induced at ZERO STRESS. Thus even in brittle solids, as

with thermal expansion, large induced strains are theoretically possible
without breaking the solid.
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TOLICS OF STUDY AT PENN STATE
MATERIALS RESEARCITI LABORATORY

Fickd Foreed Switching from Antiferroclectric to Ferroclectric Phases in
Lead Lanthanum Zirconate Titanate Stannate Ceramics

Field Foreed Mictodomain to Macrodomain Switching in Compositions of
lead Lanthanum Zirconate Titanate Close to the Morphotropic Phase
Boundary

Ficld Foree Paraclectric to Ferroclectric Switching in Single Crystal Barium
Titanate

Domain Switching in Ba'liO3 Single Crystals
Single Field Y00 Domain Switching
Otthogonal Field 90v Domain Switching

Switching of Lamellar Wedge Domains in BaTiO4 Crystals to Produce
Ultra-high Strain Bimoiph Configuration




ANTIFERROELECTRIC to
FERROELECTRIC SWITCHING.
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TABLE 1: COMPOSITIONS AND REFERENCE NUMBERS

10

11

12

13

14

No

Composition

Pb g702 5a(Zr g6 Ti 0gSN 25)0;

Pb g7La 02(Zr 5371 125N 35)0;

Pb 9718 0a(Zr g6 T1 145N 230,

Pb g7L2 52(2r 66 Ti 1055N 235104

Pb 6712 02(2r 54 Ti 0gSN 27)03

Pb g7La 52(2r 4 Ti 1450 26104

Pb g7L2 02lZr g2 Ti 415N 27)0,

Pb 712 02(2r 65 Ti 9gSN 23)04

Pb 672 02(Z7 6911 1SN 3)04

Pb o748 022" 57571 11265M.3125)03

Pb g7La 05(Zr 5571 1SN 35)04
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Table II: Switching Data for Different Compositions

(a) Group 1 Compositions

No | P(uCicm?) Ea.p (Kvicm) |Egpp (Kviem) [ X(1ng)
5 30 30 3s 0.18%
13 28 30 43 0.45%
10 36 28 60 0.5%
9 28 24 60 0.59%
7 36 22 58 0.52%
6 40 21 46 0.87%
(b) Group 2 Compositions
No | P (uCiem?®)[E, ¢ (Kviem) | Epp (Kviem) | Xy(ing)
14 31 44 56 0.35%
12 32 49 59 0.42%
8 30.5 52 68 0.37%
4 43 50 75 0.55%
11 33 45 60 0.45%
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Forrwurd switching in composition #5

10 T T T T 7 T T T
g (a) -
- 8 -"'."',;‘o.\ n
3 6 L
- 4 36 Kv/ew
2 31“9/“ i
=53 75 1| 125 15 175 2
time (us)
40.0
" (b)
0. 0 £ o .
— a a a
~ . n
E [ ]
.
(S ]
p=§
o ~
10.0
OGILIJLI_ILlllllIJLlL'
30.00 35.00 40.00 45.00 S0.00

E(kv/cm)

(a) A set of switching current -lime curves under various applied ficlds

(b) charges obsorbed per unit sample area due to switching as a
function of applied field for Pbyg 9710 02(Zrg 66 Tip.09510.25)0;

ceramic samples.
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3.0 v

L (A) <
_ o’ ]
= : 3. E=53 kV/ca 4
— g b. E=85 kV/ca -:
E‘z:" ol ¢. E=76 kV/ca )
o ' {
]

() o -
4 a *

0.0
0.51 - ‘ . . ]
-2 0 2 4 6 8

TIME (uSec.)

Backward Svitching in composition #4, Field dependence

2.5 _ _
p
! 4
L 4
— 2.0 s -y
o ! ° )
oy [ ° -
2 :
ni.5 : :
= b 4
[ B)

1.0 . ,
50 60 70 80

E (kvV/cm)
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MICRODOMAIN to
MACRODOMAIN SWITCHING.
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MOLE % PbZrOy

PbZrOy PbTiOy
100 90 80 70 60 SO 40 30 20 10 ©O
T T T T T T T 1 T
FEpy °
.....:. FETET
S 10} arfe -
a?
=
o PEcusic
g 20 -
ROOM TEMPERATURE P4ASE
DIAGRAM (AFTER G.H. HAERTLING)
30 1 { | | [ 1 1 { i

(q)
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P SCALE: 0. 2C/M

—

€ SCALE: Ebg/ CM
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PL2ZT 8:70:30 TrRANGWERSE STRAIN,

£ (KV/CW) £ (KV/CH)

W -3 v 5 10
T | I
<\\\\ w %

Jo=d

70 %
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JAL]JJJ_AA

PL2T 7.5/65/35

——a A

T .

il s

.00

—la
0.06 0.12 0.18

POLARIZATION SQUARE P2(C2/m%)

STRAIN-S,, (lo")
(¢ ]

o A
0.00

PLZT 8.8/65/35

JJJJJJLJI

A - L . 4 i N Y A -

0.04 co8 0.12

POLARIZATION SQUARE P2 (C2/m*)

t0

STRAIN-S,, 1o~ 4

o

0.00

¥y v T °Y T’I T

AUV N

1
4
4
:
1

PL2T 8/70/30 1

l A o Y

0.04 0.08 0.12

POLARIZATION SQUARE P2(cé/m%)

STRAIN §,, (10~ %) =
o

A

o

PN Y

PLZT 7.5/65/33

AJJAJAJAA‘LJ‘JJAJ

llllAJ

0.00

POLARIZATION SQUARE P2(C%/ M

0.05 0.10 0.15

4

STRAIN §,, (104
F Y
L J R . rT v

3 A

PLZT 8.8/65/33 -

Y — L L 4 ok

o
0.00

0.02 0.04

POLARIZATION SQUARE P2 (C2/M%)

STRAIN S, (10”4
o

0

PL2T 8/70/30

AlJAAll,Ll

0.00

0.04 0.08 0.12

POLARIZATION SQUARE P2(c2/m*)

(A) transverse strain, S;;, and (B) longitudinal strain, s,,, vs
square of polarization, P, in 7.5/65/35, 8.8/65/35, and 8/70/30 com-
positions at room temperature.
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Table S: Field induced strain and related dielectric data
for conventonally sintered PLZT ceramics

comp. L‘m(oc )| Km |Kas |[Ec (kv/cm)l?r (ndcm# X 1(103) x (103 xdxt
86133 | o9 | 12000 | 5500 2.6 21 81 25 ] .1
8/6535 * | 106 11350 | 4600 3.6 20 82 2.3 32
8/6337 114 | 11300 | 4500 4.7 21 76 1.9 k?)
/63735 140 | 13000 | 3000 45 28.4 1 3.1 7

76251315°| 160 16000 | 2900 S 272 12 3.7 64
7/60/40 172 | 17000 | 3000 6.3 26.2 1.2 3.8 4
75842 | 180 |17300 | 2600 8 2 11 32 | 39
7/56/44 190 17200 | 200 10 2 94 23 4
6/62/38 196 19000 | 2100 5 31 1.45 4.1 .58
6/60/40 * | 04 18000 | 2000 5.6 295 1.35 4.7 57
6/58/42 7.45 29 | 132 39 53
/60040 | 230 | 19000 | 360 652 | 32 .79 42 | 53

5/585/4158° 6.41 34 124 |45 | s9
5/56/44 8.5 21 16 sS4 1 sg
4/57/43* 747 19 1.26 3.0 6
4/55A4S 10 295 | 121 29 S5

* MPB compositions Tm: Temp. of dielectric maximum

x ; Transverse strain induced at 1Skv/em Km: Maximum dielecwic constant
x;: Longitudinal swrain induced at 15Skvim  K25°  Dielecuic constant a1 26C
xu:Tmmm
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(Pr) t/ (Pr) o-2CRUALIZED PCLARIZATION

HOT PRESSED PLZT 7/68/32

1.0 ‘_""‘hqndnp- n

S""‘\ CLEAN SURFACE
0.8 L N
0.6 L -
0.4 L CONVENT IONALLY PREPARED SWI'A(E_
0.2 L ¥ i
0.0 o 3 POy : el T o r d. ; el :

10 10 10 10 10 10 10

CYCLES
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ZED POLARIZA
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1.0
ool
0.6 |
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0.0 ol and - ol - ad T ._1_1 .
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FREQUENCY, JUtle
)
>
(. 3 — 11 ~ N I aaad
4 -4 - v w v
ELECIRIT FIELD ®y/Q0
)
Low {emperature polarization and straln cycles lu a 9-5/65/35 PLZT.
Frequertcy 10 1z, Tanperature -132°C, Cycling Ocld 30 KV/em. .
)
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LIMITATIONS OF HIGH DRIVE
PIEZOELECTRIC AND EL=CTROSTRICTIVE

MATERIALS

GENE H. HAERTLING

CLEMSON UNIVERSITY
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PROPERTIES AND ASSOCIATED PHENOMENA
OF PLZT FERROELECTRIC CERAMICS

PROPERTIES

‘/DIELECTRIC
PIEZOELECTRIC
PYROELECTRIC
FERROELECTRIC
ELECTROSTRICTIVE

FERROELASTIC
ELECTROOPTIC
VOPTICAL

‘/ELECTHICAL RESISTIVITY

Vsinqular properties

PHENOMENA

PHOTOCONDUCTIVE
PHOTOVOLTAIC
PHOTOCHROMIC
PHOTOREFRACTIVE
PHOTOSTRICTIVE

PHOTO-ASSISTED
DOMAIN SWITCHING

ELECTROOPTIC
SCATTERING

SURFACE
DEFORMATION

SPACE CHARGE
EFFECTS

ald othevs - inter ackivt properkie.s

¢ pevovena
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FACTORS LIMITING THE PERFCRMANCE OF

PIEZOELECTRIC AND ELECTROSTRICTIVE MATERIALS

1. COMPOSITION (ELEMENTS, PURITY, DOPANTS, £TC.)

2.

= 3.

10.
11.
12.
13.
14.
15.
16.
17.

18.

MICRCSTRUCTURE (DENSITY, GRAIN SIZE, PHASES)
PROPERTIES (VALUE, VOLTAGE DEPSMNDENCE)

TEMPERATURE (Tc vs.OPERATING TEMP., SELF HEATING)
HYSTERESIS (ELECTRICAL SWITCHING, DOMAIN WALL MOBILITY)
AGEING (TIME DEPENDENT PROPERTY CHANGES)

FATIGUE ( OPERATIONAL DEGRADATION, CYCLIC EFFECTS)
CREEP (CYCLIC MECHANICAL INSTABILITY)

ELECTRICAL BREAKDOWN (MAXIMUM VOLTAGE CAPABILITY)
SPEED (ACTIVATION/RELAXATION PROCESSES)

SIZE (RESONANT/NON-RESONANT, FREQ. DAMPED EFFECTS)
STRESS (TENSILE, COMPRESSIVE, HYDROSTATIC, MISMATCH)
MECHANICAL STRENGTH (INTRINSIC, FLAWS, SURFACE FINISH)
FRACTURE TOUGHNESS (CRACK PROPAGATION, PRESTRESS)
ELECTRODES (TYPE, OHMIC CONTACTS, ELECT. MIGRATION)
STRUCTURES (MATERIALS, BONDING AGENTS, ENCAPSULANTS)
ENVIRONMENT (HERMITICITY, HUMIDITY, VACUUM, G-LOADING)

THERMAL HISTORY (MEMORY EFFECTS, POLED CONDITION)
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TYPICAL RANGES OF PROPERTIES FOR PIEZOELECTRIC AND EZLECTROSTRICTIVE

MATERIALS

Material ¥ Tan celta “p EER da: Q1i: Q12
% oC/N (xzl0-16ms/C2)

2ZT 300-2000 .1-2.0 .2-.70 .3-.70 100-600 -- -—

3T 500-3000 .2-1.0 .2~-.40 .3-.50 100-300 -- -

PLZT 500-6000 2.0-8.0 .3-.72 .3-.80 150-700 - --
>MN i0,000-25,000 2.0-8.0 -- -- -- .220 -.007

N 200-0600 .8~-1.5 .1-.20 .4-.50 85 -- --

2Z7T 4 1300 .40 .58 .70 289 -- --

227 8 1000 .30 .51 .08 225 -- -

PZT SA 1700 1.5 .60 .71 374 -- -

2ZT EH 3400 2.0 .65 .75 593 - --
PLZT 7/65/35 1850 1.8 .62 .76 400 022 -.012
2LIZT 8/65/35 3400 3.0 .65 .78 682 .018 -.008
PLZT 9/65/35 5700 6.0 -- - - .020 ~-.010
2BZT 73/27 8000 7.0 -- - - .100 -.040
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LIMITATING VALUES FOR SELECTED FACTORS AFFECTING THE ®
PERFORMANCE OF FIEZOELECTRICS AND ELECTROSTRICTORS

COMPOSITIONAL REPRODUCIBILITY: - 0.01%

SHRINKAGE REPRODUCIBILITY: +0.1% o
PROPERTY REPRODUCIBILITY: 2%

USE TEMPERATURE:

PIEZOELECTRIC- T<1/2Tc o
ELECTROSTRICTOR- T> Tt (Tt = T of stable colarization)

TYPICAL- T < 1C0 decrees centigrade
SPEZD:; *

BULK- > 1 usec
THIN FILM - > 1 nsec

STRAIN HYSTERESIS: >1%

®
AC OPERATING FIELD: <15 kV/cm
DC OFERATING FIELD: < 40 kV/em
ELECTRIC FIELD BREAKDOWN: o
BULK - 100 kV/em (250 V/mi)
THIN FILM - 500 kV/cm (1250 V/mi)
MAXIMUM LOAD UNDER STRESS: VARIES (gms. to kgms.)
AGEING: -2%/DECADE OF TIME .
MECHANICAL STRENGTH:
TENSILE- 70MPa (10,000 psi)  (ac - 4Ksi)
FLEXURE - 103 MPa (15,000 psi) .
COMPRESSIVE - 350 MPa (40,000 psi) |
REPRODUCIBILITY - +20 %
®
®
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ELECTR OMECHANICAL
TRANSDUCERS

STRAIN STRAIN R
. .
LINEAR NONLINEAR
SLICTRIC Tizomnoc .
S1sSUD el o
PIEZOELECTRICITY { ELECTROSTRICTION
®
DOMAIN CHANGE } PHASE CHANGE
@
STRAN STRAlN
®
HYSTRETIC BISTASLE
®
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Ty : | = .
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4
CONTROLLED COMPLIANCE

"8, FEEDBACK
1§ anPumeErR

vk SENSOR DETECTS
INCREASING STRESS

. L AMPLIFIER
REDUCES HEIGHT oF
|ISZO0SLECTRIC ACTURTOR

O

W COMBINATION MIMICS
ULTRASOFT SOLID
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"SMART SHOCK ABSORBER

\ \\\\\\.ﬁ\\i

PISTON ROD

|

ROAD SURFACE
' SENSOR

\

e

3.3

PIEZOELECTRIC
ACTUATOR

 MAGNIFICATION
CUAMBER

~ SWITCHING VALVE

H.TSUKA, TNAKOMO AND Y, Yokova
T.E.E.E. WORKSHOP, 1990.
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ACTIVE VIBRATION CONTROL
ACTIVE SUSPENSIONS )

k RAILROAD CARS (ONAMOTO) .
% AUTOMOBILES (NAGAI)

FLEXIBLE STRUCTURES .
* ROBOTIC ARMS (FUKUDA)

* SPACE STRUCTURES /KnsHlWAsr:)o
@ CANTILEVERED PIPES (Dokl)

* \\!’r‘-\|\' \ f‘-,..r \ °

VIBRATION & NOISE CONTROL
% FORGING HAMMERS (TaNAKA)
g OFF- SHORE RIGD  WANGE)

& VIADUCTS & BRIDGES (YAHAG!)
W ACTIVE BEARINSS [NONAMI) .

REFERENCES IN T.J.5.M.E. 1985 oN
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t ACTUATOR DESIGNS

X MULTILAYER STAaCK

Bl& FORCE
_SMALL DISPLACEMEA

k 3IMOKPH BENDER
METAL SMALL FORCE

4 N2 '™ BIG DISPLACEMENT
—\P\ N

s# MoonNIE DISK

) INTERMEDIATE
R T, FCRCES &« DISPLACE-
= MENTS

O
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2| (steess

T3

3 dy, dy sy O .
| g._‘} /25&%»3
ONVERSE EFFECT | ST
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CRESCENT - SHAPED 2-0-2
HYDROPHONE (MOONIE) j

SHAPED METAL
ELECTRODES NGO POLYMER

FLAT
MOB N-
SHAPED
CAVITY

STRESS

INTERNAL TENSILE STRESS
ACTING ON PIEZ0CERAMIC
IN RADIAL DIEcTION
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CHARGE COEFFICIENT
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--QEh----.isy---""i!h'---..______-___-_qi'.‘.
IMEDIUM  CAVITNY
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'LECTROSTRICTIVE MOONIE
ACTUATOR

| Ctn MOONIE : 2mtm THICK

o
ar— | tnmM PMN-PT CERAMK
~—— 04mm BRASS END CAPS

SOLDER FoIL BONDING *
NO POLING REQUIRED

—————————)
15 :LSQQ 3 LOAD
ISPLACEMENTF_ ¢
(pm) ol f .
o STRAIN= 6XIO o
B\G H‘ EQUIVALENT
MOTION St d33= 6000 FC/?

®
1 L M |

O 200 400 Cob0 800 (000
VOLTAGE (V) .

o

S.SUCAWARA, Q.C. XU, PENN STATE

®
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APPENDIX F

IMPROVED PZT THROUGH CONTROLLED POWDER
SYNTHESIS AND BULK POWDER PROCESSING




saiiojeloqe [euoljeN eipues ajlIinL aan4g "iq
pue

18juan solwesd) aydao) Aueg “uQg
(MLv) swaisAsyoa] juel|ly plojuesis pletds "iqg

INISS3IO0Hd HIAMOd M1Ng ANV SISTHLNAS
d3AMOd d3TTOHLINOD HONOHHL 1Zd A3IAOHdWNI

F-1




1onpoJd pasauis Jopadng e

uonnquisip luedop ‘Ausuap uaalb snosuabowoy -
Ansiwayo 1opmod jo joljuod anjosqy -
uononpouid sopmod a|qionpoidal ‘Juadlsisuo)y -
njusg

‘uonesqe} | Zd o1 uononpoud | 71d uaiedsuel) 10} H | Y 1e pasn
Apuanuna anbiuyosa) uononpouid 1apmod 10sinoaid [esjwayo BuyieeH idepy -

§5800.1d

Anabajul jeajueyosw -

ainjanisoloiul -

saljiadoad jeaiueyoaw-04129|o -
a|qionpoadal pue paaosdw yum | 74 ainjoejnuews o} anbiuyosa) dojanaq
jeod

F=2




sannuenb
abie| jo uonanpoud 10j ssadsoid Bupsixg

SsabejueApy

jeualewt passaid yoy asinbas
Aew suojieoidde aouewsopad ybiH -

sainjesadway uoneudjed yby
0} anp sajelawo|fbe piey jo uojeuwnsog -

sjyuedop |9A9)
mo| assadsip Ajsnoauabotuoy o) yynoynag

‘uoyinquisip aseyd
snoauabolajay pue uoijoeal ajajdwosuy
uj JInsa1 ued siapmod Bujliels azis UCLOIN -

Bupse) edey -
Bujssasd 10K
Buyssaig Li1q -
uopeajqed
edeys

Liq
Avidg

lojem uj
asiads|g

wupalen

S

Jjuedog

oqad

F-3




Apoq
uaaib uj aINxa) [eIN}ONIISOIdIW dZjwiuIWw o} ainssaid Bujwioj wiopun -

Uoljewlio] Apog uaald

-Ajueajo uinq jey) si8puig -
‘N0 uinq 19isea pue Bupjoed ajonsed 18119q 10} JUBUOD J9puUlq WNWIUIN -

SoANIPPY buissadoid Jluebio

UOJ}eulIo) Mej) jeudjul
Buynsal pue abeyuliys |eljuaiapip ajeulwi|s o} uonesswojbbe wnuuiy -

uonesyyisuap pue Bupjoed ajoiied wiogun 1o} UCHNAINSIP 9ZiS MOMEN -
Ausuap ybiy o) Bunayuys pides asueyua o) azis ajoed auly -
uonnqusip uedop snoauabowoy yiim Ansiwayod wiopun -

sansudloeIey) JopMmod

HNISS3I0Hd NNINILAO HLIM QINHIDNOD SANSSI

F-4




121d Ajenb
jeondo asedaid o} pasn ssaosoid Jejjus -

safiljiqeded uaiind

uoljesawojbbe azjwjujw o) Aip azaas4 -
suojjedyipoy ajqissod

(smeyy souyy ‘Bupsiugs ~dwial
1amoj ‘jonuod ‘s'B) sazis ajonsed Jauj4 -

(soresawolbbe
19)qeam) sainjesadwa) uojjeuidjed Jdmo| -

sjuedop jo uonnquisip snoausbowo -

sjuejoeal jo Buixjus uuojuny .
SobejueApy

Bupisen edey
Bujssaid 10H -
Bussaid L1Q

uojesiqey
adeys

Aiq

n

aujoed

]

Aig

ujos
PRV
Y >

XiN

\

aje|ady ajeue)y)
10 98N 1Aing-N-8119)
‘apixQ peay

H3AMOd 40 NOILYHVYd3Hd TVOINIHO

T~

ajeuodsz
[Aing-N-einjey

F-5




® L ® ® P Py ° ° °
Bujbe ooa(alp pajjosuoy -
suojiejndod mej} paonpay -
sopsaoeseyd Bupiauis paaosdwsy -
sa|sadoid ajqionposday -

$[e0y)

uo|je4luaduod Japulq winwjupy -

azis a10d ‘Aysuap uuojun -
sojispyaloeseyd Apoq uaaln -

uojjesauiojbbe yeam -

uonnNqUIS|p azys moueu -

az|s ajojued jjews -

Ansjwayd yuedopyjesano snoauabowoy -
ssasoud uonesedasd sjopmod -
siseyduiy

*1Zd 01 (MLV 1€ pasn Apuasaid) ssasoud uojiesedasd jeajwayd 1 21d bujuseH dopy -
goeoaddy

‘Buissasoid 1apmod ying pue sisayjuls
1apmod jo [01u0d ybnoiyl 1Zd Jo ainjaejnuew ayl uj Ayjqerias pue Ayjqonposdas aaoidwy -

CLNED Bo)

WNYHOOUHd AHO1VvHOSaYVY 1
TVNOILVN VIANVS/SINILSASHOIL LNVITTV LNIOI d3S0d0OHd

F-6




‘aoe|d ul Apeauje
aie sajlijioe} uononpoud pue Aiojeloqe] AiessadaN

"SoIWesdd

lojenjoe | 7d jo uonanpoid ay) 10} Ajjesiioads
ABojouyoa) siy) aziwmndo o) pasodoud sy wesboid
Alojeloqe] jeuonepN ejpueg/swiaisAsyoa] juel||y uiop

‘sanbiuyosa)

losindaid jedjwayd Buisn painjoejnuew siapmod
wouj paonpoud )}saq aq ued Ajabajul jesjueyosu
padueyua pue sainjonljsoojw panrosdwy ‘sajjsadosd
(a1qejjonuod pue) sjqejeadas yym sojwesa 10jen}oy

AHVINNNS

F-7




0ULPW Juawdojanaq pue yoseesay | UI|SIAIQ UCIHUIBA P,
4 .

2661 Aleniged

UOISIAI(Q uoJ}iulap oolje|N uebio
leaN 'q bie1n
Aq

STVIHILVIN 1Z7Zd SONVINHOd4dH3d HOIH
HLIM SaNSSI ONIHNLOVANNVIWN

F-8



0ULrW

Add 4444
ryvr
dd4 44
Vy

0./

89

000}
05€
00€
wo

0S6

799

God
OEE

09¢€

eep

Juswdoj@Aa( pue yoieasay

0090 0G¢9
¥G9'0  98¢c
0850 0G0l
G290 0GEl
0¥9°0 00S}

dy )|
S3l1ddd04dd

SIVIHILVIN 1Zd SONVINHO4dddd HOIH

UOISINg UOJIUIBA P,

NG-1Z7d <«
HS-1Zd <«
s|elejely ujes}s ybiH
W8-1Zd «
¢SY-12d <

ISY-12d <«

s|elds)eN 1amod YbiIH




0ULPW Juawdojeasq pue yareasay UOISIAQ UOIHUIBA |

AMliqeleY YBIH <«
AMligeonpoldey YBIH

aouewlojlad YbIH <«

S3ANSSI IONVINHO4H3d
S1TVIH3I1LVIN 1Zd 3ONVINHO44Hdd HYIH

F-10




44 444
pryvr
yryrv
Vy

_obcoo ainjesadwa] pue juswuoliaug BulIduUIS <«
s|e|l9)eN Jopulg «

©2IN0S 20IZ <

,>._n_ Aeidg pue ‘|lIIN ‘XIN JO |oJjuo) ADGojoayy <«

Swaj)sAgS juauodwodl}|nN 8Aljoesslu|] buipunodwion «

S3ANSSI ONIHNLOVANNVYIN
STVIHILVIN 172d JONVINHOd4dH3d HOIH

F-11




0ULPW

A4 444
Add 444
dd 44
A 4

STVIHI1VIN 1Zd SONVYINHOd4H3d HOIH

juawdojaaa() pue yoseasay UoISINg UoulsA P

Bufjsej jJuswWuUOIIAUT [edH <«

buiinjoejnuepy Jojenjoy/lied <«

lo1puo9 alnjesedwa] pue jJuawuosiaug BuIBluIS: <
buissadoid |eojwayy) «

Uolle|NWIOS «

S3ANSSI ININJOT13IATA

F-12




0ULPW JuawdojaAa pue yoseasay UOISIAIQ UORIUIA

Ad 444
1244

“ 4 VIN sISayjuAg uois|hug «

q1/81$ 19D [0S <«

qi/GL$ uojjejidioaido) |ewlay] «

q/0€ - 0¢$ uoljejidioaidon snoanby «

a1/8$ SISOYlUAS |[ewIdYl}OIPAH <«

S1S09 JOpMOd pajewiis]

d¥4d DYNISS3O0Hd TVOINIHO NVOHOWN
STVIH3ILVIN 1Zd FONVINHO4dddd HOIH

F-13




® e 0 ° ® ® ® ® ®
e o). 114 4 Juswdojeaeqy pue yoieessy UOISINQ UORUIeA P
yryvrr~
wryvr
ryr
A 4
ON SaA SaA SaA uoRIUNWWON) <«
ON SaA SaA S9A uofjsudied «
%6°66< %G66<  %6°66< %G°66> Aund «
pooYH pooYH poodH 400 AJA[jo6eY J0pMmod <«
pood) a)e1apop 9jeIapop 400 josuo9 ABojoydiop <«
jusj|8dxg POOYH jusj@ax3 i00d  jonuosH [suoisodwion <«
[RI0JOWWOY  [RIDIBLILOY asy  [ewsswwo)  Juswdojereq jO SIBIS <«
8)elapop 9)elapo ybiH ajeJtapop 1809 «
[SuIYlOIPAH "d199id-00 [99—[0S [BUOJUIAUO)

F-14




€0~
b+
0"+
20"+
%IMP

8¢/
¢/8
86

Olo

1G€
4R

0)43
09¢€

eep

Juawdojaas( pue yoseasay

OG0
09G°0
¢8G°0
18G°0

8€9°0
,é9°0
9€9°0
0¥9°0
a

£096G
/966G

8¢9
£ol9

0GPlL
IGEL

£9¢tl
vovl

M oJeydsouny qd :ISy-1Zd
SNOILIANOD 9NIH3LNIS

STVIHILVIN 1Zd dONVINHO4d3dd HOIH

UOISINI] UOL}UIBA P,

y dwa] «

¢ dwa] «
c dwa] <«

| dwaj] «
ainjesadwa] :H)S-1Zd

y wly <«

CE WY <

¢ wly «

I Wiy «

F-15




0ULPW

yryrr”
Ad 444
ryrv
Vy

v/
197/
167/

A)isusp

¥

G/

99

eep

ONISS3O0Hd TVIO3dS
S1TVIHI1LVIN 172d JONVINHO4dH3d HODIH

juauwdojara( pue yoleasay UOISIAIQ uoajjulspA P,

GLL°0 GO8E 6uldid4 |e1oeds <«
JG9'0 /QGE $S8201d J18pMod _m_ommm <
¥G9°0 98¢t pPiepuels «

dy | HS-1Zd

F-16




0ULPW

A 444
vy
rerv
.y

7¢000 %6.°0 lore|jiun

LEOO0 %L1 L JSNN

¢v00°0 %612 dANIN

0020°0> %G > uoljeolyloadg
30 %P

‘

(lw/A Gg*9) bunsa] piel4 ybiH We-17d

STVIHILVIN 1Z7d JONVINHO4H3d HOIH

juawdojara( pue yoseasay UoIsiNg uoulsA P

bunsay piaid YbiH ve.lel-aod ,"o_nmem <
Aouanbalj} ‘g ‘] ‘d :juswuol|AUg |edY <«

S3INSSI ONILSIL

F-17




L e [ o ) o o L o

0, 0) 114 4 Juswdojanaq pue yoieasay uoisIng UoIHUIA
yryvrr”
Ad 444
yryr
A 4
00G$ buisal <
M052$ Buidiq [ejoeds <«
WIS sJOJeN)oyY )oBlS <«
Y00G$ sieqid €] «
buiinjoejnue Jied <«
WNL'LS jue|d [ewsayloipAH <«
S1S0OOD ALIMIOV4d M3N
STVIHILVIN 1Zd JONVINHOd4dd3d HADIH

F-18




sainjerdadwa |, 91ua80AI)) 1B

A Pue IIT ‘11 ‘T sedA .
sorwrers)) HS(V)9LET-ALS-AOd

NOISIAIA NOILVYHOdHOO

JINVHAD-0H10313 unm

F-19




juswdo[oaa( Sunueliep\ S[BLISIBJA SANBUIY .

saimeradwa ], 91ua30A1) 1B A pue
[11 ' °T sedAL, sonweis) HS(V)9LEI-ALS-AOC -

sonIjiqede) gpggg :uononponuy .

Noisi
epuaby -

F-20




9)eqoIN wnisaugdej\ peo] -
ajeue)i | 9)1BUOIIIZ ped] -
d-[joudjia| -
SHWIT sduewlojdd uipuaxy ,
S1IONPOIJ dWNJOA :wi .
snpoid Anawoan sdie]
yuawidojaAd(q S[elINRIN MIN :)Suang .
(PUoy 13d spQO°0T Jo sdajey uononpoid jo sjqede) .
S)ONPoId [BIIWWO)) pue LIBHIJA SNOJdUINY] .
s1Ijddng d1weIa) 21.0)23[2023ld ISITaIeT SPIIOAL ) JO AU .

yein ‘A ayey yes ul psgr ‘paysiqersy .
salliqeded oo

uondnpouj omvszo ouisats gpemo’™

- -~ - - - -

F-21




ma.ms 71-008 —ﬂ/ns L g« WIN THNOd 889110 = HOLAYD

sajwesed-o0zeid 0Q3 Buisn sweiboid Ay

uoJsiAlIg dlwiela)-04326|3







| &  svovnuoveasv

SHILNMAIIPIN e SUILINOUTTIIOV ¢
AVHIHLONOSYULIN TWOIOIM « * SHIANL HStd»
SUIOTIMWSHINVAIOONOSYHITN o+ SHOLVOINIHLJ30 ONV G33dS INIHVIN »

SLNINOIWOD AUNVHID-0Z3Id 003 DNISQ SLINA0U

| suopjed)ddy ojwesan-ozejd |ejdiewwor)

UOISIAIQ 21WBI9)-04)93]F




JudwinoHAUY 2oedS € ul S[eldIRIA O PIEPUB)S dZLIdJdRIRY)) .

{(MoS 03 001) ddedg Ul WIOLIdG SINAI(Q NWEID)-0ZAI] |1 M MOH . 3

9AD3[qO pue wa|qoad

sainjesadwa) d1uabohin je s SN0 WO VOO
sojwelad dlLs-aod oaz




$861 urInp ‘ssox)) 5 “I(q “THIN/NCIS UUdd Aq pPI.INSLIA .
7961-P7° €8D piepue)S jeuoneN uedlIdwy Jod paansedpy .

,_‘mmv_ pug Q) Ity €ty ax ‘I€p “¢p :3[,.S 0) 0O¢ WIOI] PIINSBILA »

(0L-D9) A 2dAL,

(69 10 £L9-DF) 11I 2dAL ,
(§9-D9) 11 2d4L ,
(+9-D9) 1 2dAL ,

‘HS(V)ILET-ALS-AOd 3unuasaaday saL1)dwiods) paiepue)s 1Sy, .

yoeouddy

sainjeladwa] ouabolin e . WO Nouvwods0)
sojwelad 41S-aoa T oa3

F-26




(M,) ‘aimesadwa],
00t 06¢ 00¢ 061 001 0¢ 0

T et I EFEES B S
3 = 0S1
] :
: = 052
: E (A/WN 101 ¥ *©p
E G U A | -T 0Sg  lueIsuo)
m STOAedAy x| m 2dhL, : M0
1 o Mo gy )k
: HS(V)9LE1-A.LS-aoq *2d m
....J_.J.._..]J_:..JJ.JHcmm
®®p “ueisuon o1399j902314
sainjeladwa] aluabohin je oo ouvsosson
30-0410313
sojwelad 41S-aoda ba3

- - -~ —— - — —

F-27




(3,) ‘aanjeradwa],

00¢

y — L V' 1

061

001

L A i A A

o

lllllllllllllllllll]lllllllllllllllll llllllll]l
.

Adl] ¥
[12dLy, O

11 2d41, O
[dl Vv

HS(V)9LE1-ALS-AOQ 12d

IR RARBEBER A i‘fllliﬁllIlI'Illllllﬁllill]lll‘llllﬁ

ep “queisuon oi1109j90291d

LR L} L]

001

00¢

(A/W 4,01 ¥) ‘'p

00¢

0ov

00¢

JUBISUO))
O11193]902Z3l]

sainjeJadwa] duabolin je

Sdlwel@) AiLsS-aoda

NOISIAIQ NOILVYHOdHOO

JOINVYHIO-0H1D313 nhw

F-28




o) ‘@ameradway,

00¢  0ST 00T  OSI 001 0$ 0

N B B N By R ol 113

: —-F g¢

3 - O

: i

7] - 197

s = 05 (%) Y

X . Joyoeq 8uidno)

. - 66

T T AdAL X 1 2dAL T E 0

= e :.on;rr O. _o&,—u \V) H 9

] HS(V)9LE1-A.LS-dOQ +ad :
-+ttt oL

dy “10y0e4 Bujdnon
sainjesadwa] oiuabolin je
JINVHID-0H10313 nnm
solwesdd aLs-aod

) () ¢ ® L ® ® [ ®

F-29




(o) ‘aamesadwa],

69 (%) ‘*%y

00t 0¢¢ 00¢ 0¢l 001 0¢ 0
] PO S T ¢ P W T | PR VN T | O S B | T W | T U W - om
] - SS
. - 09
i -

b - Jopey Sundno)
| A .oﬁ;rr x| 1m om%,r 0 .. 0L
] t--i.i:wﬁ;f_l O _o&”r vV [ ¢
] HS(V)9LE1-ALS-AOq Jad -
NS NS TN NN SN
€%y ‘103014 Bujdnon
sainjesadwa] auabohin je

mO_Emv—mo nhmlnon JINVH3IO-0HLD33 nnm

F-30




(3,) ‘eimesadwa]

00€ 052 00¢ 0S1 001 0S 0
P T S PR U T | o411 P S S PO W WS N [N VU U | - ON
i "
b N L
] = - ST
] ~1 T :
11,./ IRy [ =20 e - 0¢
I~ !.,Lﬁlhnu;\,.f el i R
“ — ¢ — - [ %) ‘I
. R I — g @
) U ST [ J10y0eq Suijdno)
E T AL X miedArL O - O
] I13dLL O 12dAL V -
- e T | ~ } 4
] HS(V)9LE1-ALS-AdOd 1ad -
h [~
J_q _T — 0S
ey ‘101084 Buj|dno)
sainjesadwa] os1uaboli) je
JINVYHII-0HLD3II gnm
sojwelad als-aod
a e e ® ° ® ® ) ()

F-31




sdlwess) dils-aoda

@ @ ¢ ® ] ® ® [
00¢ 0
1 - 0
1 ;
. + 0st
. E 00
] X
1 - 0SL o)
1 - - [eoIUBYDIN
4 1 AdAL x| 11 8dAL, O 3 0001
i 19dA]L. 0 [adfL v . o<zl
u HS(V)9L€1-d.LS-dOq 4ad r
_ﬁ__w - 00ST
wl
D |ediueyoapy
sainjesadwa] auabohlin je
JOINVYHID-0H12313 Qnm

F-32




(l,) ‘edmeradwa],

00¢ 0S¢ 007 0S| 001 0S 0
L J BN WS S | 1 bt 4 i [ | A Al 1 TR S W AR T S - c
] :
1 === 00S
+ - 0001
1 L 00S1
] [ L
i - jueIsuo))
1T - 0002 o11399)21(]
1T ASdAL X T 1 edhL B - 0052
1,\} n ad1 O [odL V N 000€
HS(V)9LE1-ALS-AOd 4od :
-:..I......_T.;_J.w....-ocmm

1560 “ueisuo) auyoalelg

sainjesadwa] ouaboll) je

mo_Emhmo thlccn JiNvVH3I-0H1D313 an

F-33




Sdlweld) als-aoda

® @ @ ® ® ® ® o
%6L-| 0S¢ | %6S-| 069 | 0691 | 1Y %EL-| 0T | %0S-| 009 | soTl | 4€€Y
%00 | 00S | %08 | 081 | 001 | "D %29z| STyl | %9y | 085 | €6€ | “O
{ \
%IE| Tt | %ei-| 8z | ze | 19 Ble-| Tz | e | 1€ | ze | 19
%TC-| TS | %01-| 09 | 19 | €&y BLI-| ¥S | BT | v9 | ¢9 | €&y
% b
%9¢-| 9¢ | %81-| 9v | 96 | 9y %€T-| € | %0 | 95 | 9¢ | 9y
AN ;01 X AN 7;-01 ¥
%8L-] S€ | %9s-| 1L | 191 | I€p %09-| 8¢ | w6z-| s8 | ozi | '¢p
AN 31-01 X AN 7;-01 X
%bL-| 06 | %0S-| €L1 | LpE | EEp %19-] 901 | %ve-| 081 | €Lz | €€p
uL1quy uaquiy uaiquiy udiquiy
A Yy, A Yoy, uldiquiy A Yy A Yy uaiquiy
oS No001  [MoS62 MoS Mo001 | MoS6T
11 3dAL [ odA}
s}insay 10 Atewwns
sailnjeiadwa] dluabolin je
JiNvVHII-0HL1D313 anw

F-34



%88-| 06¢ | %eL-| 068 | 081¢ | 1€ %99-| 09¢ | wre-| o1L | oLOT | 166
%€86| 089 | wrel| sci | 09 | “O %6S | Stvi | »1s-| ovb | S68 _._%
%
%ze-| St | wri-| € LE | 1€y wiz-| €2 | %L | 1¢ 67 | ! MV_
%
%tt-| SS | %0I-| 9 1L | €€y %tl-] s | %0 | 6§ 65 | €€y
% %
Bey-| € | wit-| sy 19 | 9y wvt-| 8¢ | %y | TS 0s | 9y
AN -0V X AN ;01 X
%s8-1 9¢ | %v9-| 06 | LT | 'ep %09-| L€ | wTi-| 18 z6 | '€p
AN -0l X AN ;-01 X
%€8-| w6 | %09-| 60T | 0€S | €£p %95-1 06 | %Li-] oLl | 90T | E€p
wusiquiy jusiquiy udiquy uaIquIy
) 21 V% JudlquYy 21 V% V% walquIy
MoS o001 MoS62 MoS o001 MoS62
A 9dAL 1] 2dA L
(‘juo09) synsay jo Arewwns
sainjesadwa] ouabolin je
OINYHAD-0HL1D3 13 nnw
sSdlwela)d airLs-aod
Py Py a @ & ) ® o Y )

F-35



A2uad1y)q IamoT ,
uteng JomoT ,

Yyipimpueyq JamoldreN ,

plquy yrey
31 ddedg ul 11004 WI0JIJ A SINAX( NwueId) LS-dO( -

sdanjeroduwd |,
ddedS je ureng Ysiy Pdnpoid 0N [[IAA dwed) ALS-dOod -

suojisn|duo0)

sainjesadwa] os1uaboli) je
mu_E“hmo Q-_!mlccg J-0H12313 an

F-36



Jjeur)i ], WINNUOIS .

eue IJRUO0IIIZ WNUBYIUBT PBIT .

F=37

#C@EQO—Q\’wQ m:_ﬁcm.—hm; . _NOISING  NOLLVHOd0D
sjel1a)e|y aAneuId)|Y Pouo: gprpy




Actuator comparisons to Multi-layer Ceramic Capacitors

!

Area | ML Capacitors ;| ML Actuators
Dielectric BT,Bi . PZTPMN
Electrodes | Pd, Pd/Ag }i Platinum
Design ‘ 40L/32A ; S00L/125A
Cer Thick | 10-35 y-m 150 u-m
Overall sizes | < 3mm cubes 6 Xx 150 mm
Casting 50u, water 200 u-m, org
Printing Thick Film Same, 2X
Lamination 2 mm pad 25 mm pads
Dicing Blades Saw
‘Burnout 0/4 hrs : 60/168 hrs
Firing 900/1300°C ! 1000°C
Termination Silver/glass | Diff Comp !
| Leads None E Ins. Wire :
Coating None ~ | Si Varnish
Testing Elect & Vis & Mechan }
Quantities 5 15 mil/day : 100's/day
Cost ; Pennies | 10's dollars
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Materials Systems Inc.

INTRODUCTION

Develop and manufacture advanced piezoelectric
materials and devices for defense and commercial
transducer applications.

- Flexible Piezoelectric Composites

- Piezoelectric Composite Actuators

- Piezoelectric Actuator Assemblies
- Composite Transducers for Medical Ultrasound

TECHNOLOGY

o Process technology for ceramics and polymers:

- Extrusion

- Injection molding
o Near net-shape forming of complex ceramic shapes.
o Piezoelectric materials and composites expertise.

o Materials technology transfer and device prototyp.ng.
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INJECTION MOLDING PROCESS ROUTE

PZT Powder Particle +—Ball mill in closed containers.
Size Control (if needed)

Compound . .
(mix with wax) Organic Binder
— Wax
“s;":,!g;,'e Granulate — Plasticizer
L Surfactants
Mold

Burnout Controlled atmosphere.

- |- Remove carbon and
Air Flash [ ping particles.

Sinter

Assemble

Pole

Finish [ Face off surfaces flat and parallel,
apply electrodes, package and ship.
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Materials Systems Inc.

PIEZOELECTRIC ACTUATORS

Observations

o Performance Characteristics:
- Fast response
- Large forces
- High voltages
- Small displacements

o Several routes to enhance displacement performance:
- High-strain piezoelectric materials
- Strain amplification using compound actuator designs
- Multiple actuator assemblies

o Displacement needs may require a combined approach.
- Compound actuator assemblies

o New high-strain materials and device designs are in
the development stage. -

o Need to integrate materials, design and manufacturing
functions to best meet manufacturing requirements:
- Lab-stage materials
- Lab-stage designs
- Design with system goals, manufacturing viability
and cost-effectiveness in mind.
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Materials Systems Inc.

ACTUATOR ASSEMBLIES

Focus: Actuators incorporating materials and designs
at the limit of the current state-of-the-art:

- Compound actuator assemblies

Examples: - Flextensional strain amplifiers .
- Piezoelectric ceramic/polymer composites

Challenges: Materials/process issues:

- High-strain piezoelectric ceramics
- Ceramic/metal/polymer interfaces
- Complex shape fabrication

Assembly requirements:
- Alignment

- Joining

- Packaging

- Testing

F-46




Materials Systems Inc.

PIEZOELECTRIC CERAMIC/POLYMER COMPOSITES

1-3 Composite

Production issues remaining to be solved:
- Handling large quantities of fibers.
- Composite assembly.
- Acceptable cost.

- Systems application and integration.

Manufacturing Approach:

- Use injection molding to form the ceramic
elements to net-shape.
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Materials Systems Inc.

PZT CERAMIC PREFORM FABRICATION

CERAMIC
PREFORM
' REMOVABLE

REMOVABLE

“INSERT

STOCK
j// |_CAVITY
| TOOL BODY

1]

INSERT DEFINES
ELEMENT SHAPE
AND LAYOUT

F-48




Materials Systems Inc.

FLEXTENSIONAL STRAIN AMPLIFIERS

Void Brass

S —t

-

PZT
Production issues remaining to be solved:

- Alignment during assembly (reproducibility)

- Joining approach (device life)

- Design of multiple actuator assemblies (ruggedness)
- Acceptable cost

- Systems application and integration

Manufacturing Approach:

- Assemble prototype quantities manually:
(needs tooling for alignment during joining
and lay-up, and development of part
dimensional specifications)

- Full-scale manufacturing would be facilitated
by redesign to simplify joining and alignment
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Materials Systems Inc.

SUMMARY

o Emerging actuator materials and designs hold promise
for considerably improving strain performance over
conventional piezoelectric ceramics.

o Pilot scale manufacturing of flextensional actuators
for field evaluation is technically feasible now.

o Larger quantities would benefit from redesign for
improved manufacturability and operating life.

o Cost-effective manufacturing of advanced actuator
designs may require net-shape forming of complex

ceramic shapes; injection molding is available for this
purpose.
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